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Chapter 

1 

Nanotechnology and 
the Environment 



Mark R. Wiesner Duke University, Durham, NC 

Jean-Yves Bottero CNRS-University of Aix-Marseille, 
Aix-en-Provence, France 



Advances in information technologies, materials science, biotechnology, 
energy engineering, and many other disciplines — including environmen- 
tal engineering — are converging at the quantum and molecular scales. This 
molecular terrain is common ground for interdisciplinary research and edu- 
cation that will be an essential component of science and engineering in 
the future. Much like the digital computer and its impact on science and 
technology in the 20 th century, the tools that serve as portals to the molec- 
ular realm will act as both instruments of discovery and rallying points 
for social interaction between researchers from many disciplines. In this 
setting, environmental engineers and scientists will take on new roles in 
collaborating with materials scientists, molecular biologists, chemists, 
and others to address the challenges of meeting society’s needs for energy 
and materials in an environmentally responsible fashion. 

Nanotechnology is defined as a branch of engineering that deals with 
creating objects smaller than 100 nm in dimension. Behind this defini- 
tion is a vision of building objects atom by atom, molecule by molecule [1] 
by self-assembly or molecular assemblers [2], Activities spawned by a 
“nanomotivated” interdisciplinarity will affect the social, economic, and 
environmental dimensions of our world, often in ways that are entirely 
unanticipated. We focus here on the potential impacts of nanomaterials 
on human health and environment. Many of these impacts will be ben- 
eficial. In addition to a myriad of developments in medical science, there 

3 
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is considerable effort underway to explore uses of nanomaterials in appli- 
cations such as membrane separations, catalysis, adsorption, and analy- 
sis with the goal of better protecting environmental quality. 

However, along with these innovations and the growth of a support- 
ing nanomaterials industry, there is also the need to consider impacts 
of nanomaterials on environment and human health. Past technologi- 
cal accomplishments such as the development of nuclear power, genet- 
ically modified organisms, information technologies and synthetic 
organic chemistry have generated public cynicism as some of the 
consequences of these technologies, often environmental, become appar- 
ent. Even potable water disinfection, the single most important tech- 
nological advance with regard to prolonging human life expectancy, has 
been found to produce carcinogenic by-products. Some groups have 
called on industry and governments to employ the precautionary 
principle while conducting more research in toxicology and transport 
behaviors [3, 4]. The precautionary principle, often associated with the 
Western European approach to regulation, might be summarized as “no 
data, no market.” In contrast, the risk-based approach that has come to 
typify regulatory development in the United States, might be reduced 
to the philosophy of “no data, no regulation.” Both approaches require 
reliable data. Although studies are beginning to appear in the literature 
addressing the toxicity of various nanomaterials [5—10] and their poten- 
tial for exposure [11, 12], at this stage definitive statements regarding 
the impacts of nanomaterials on human health and the environment 
remain sketchy. 

In this book, we consider the topic of nanomaterials through the lens 
of environmental engineering. A key premise of our approach is that the 
nanomaterials industry is an emerging case study on the design of an 
industry as an environmentally beneficial system throughout the life 
cycle of materials production, use, disposal, and reuse. One element of 
this socio-industrial design process is an expansion of the training and 
practice of environmental engineering to include concepts of energy and 
materials production and use into environmental engineering education 
and research. 

Nanoconvergence and Environmental 
Engineering 

Environmental engineering evolved from an interdisciplinary approach 
to solving water quality problems that traces its origins to the latter part 
of the 19 th century. The concept of bringing microbiologists, stream 
ecologists, traditional civil engineers, and aquatic chemists together to 
resolve problems with dissolved oxygen in surface water originating from 
waste discharges was revolutionary in its time. This interdisciplinary 
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model for what was first called sanitary engineering, was expanded 
during the last century to include the study of impacts of human activ- 
ities on air, soils, groundwater, and other environmental media. Today, 
the standard model for teaching and research in an environmental 
engineering program covers bases in the areas of air, water, and soil 
with crosscutting areas of expertise such as fluid mechanics, chem- 
istry, microbiology, physical chemical processes, and, occasionally, policy. 
Some programs additionally also include a consideration of impacts on 
human health and ecosystems. 

It is increasingly clear that long-range solutions to environmental 
problems must also address “upstream” issues associated with the 
inputs of energy and materials to our society. The recent concern with 
potential environmental impacts of nanomaterials is one manifestation 
of the need for such an approach. Students of environmental engineer- 
ing must be able to address the impacts of energy and materials as they 
are used by our society on downstream receptors such as air, water, 
soil, human health, and ecosystems. Our energy systems and systems 
for producing, using, and disposing of materials must be designed with 
a view toward the full life-cycle effects of these systems. Environmental 
engineers should be literate in processes for energy generation, raw 
materials acquisition, and materials processing that will allow them to 
work with other engineers and scientists to design systems in this life- 
cycle context. 

The urgent demands for interdisciplinary solutions to environmental 
problems that stem from materials and energy use coincide with a con- 
vergence of disciplines at the nanometric scale. In contrast with a view 
of interdisciplinarity that entails an ever-expanding grouping of over- 
lapping disciplines from the top down, convergence at the nanoscale is 
a vision of interdisciplinarity from the bottom up that can be particu- 
larly powerful as a basis for rigorous science and engineering education. 
Nowhere is such an approach more appropriate than in the environ- 
mental arena, where problem solving draws on principles from multi- 
ple disciplines, including biology, chemistry, physics, and information 
science. 

Science is social. From the office water cooler and coffee machine to 
the conferences we organize, great effort is placed in the scientific 
community on creating conditions that nurture social interactions 
between researchers, facilitating the improvisation and collective cre- 
ativity that are built on an exchange of ideas. For the time being, 
advanced instrumentation is the coffee machine of this nanoscale 
interdisciplinarity as well as the portal to the molecular realm. This 
will change with time as these techniques become more commonplace 
(just as the use and availability of digital computers have become 
widespread). However, the current need for researchers to pass through 



6 Nanotechnology as a Tool for Sustainability 



the same analytical doors of perception on their way to studying phe- 
nomena at the scale of atoms and molecules inevitably produces inter- 
actions between individuals who are motivated by widely different 
problems and applications. To participate in this dialogue, environ- 
mental engineers must be conversant in the language of these enabling 
analytical technologies. 

Origin and Organization of This Book 

The origin of this book was a dialogue between the Wiesner and Bottero 
groups that began when Wiesner was on sabbatical from Rice University 
in 1998 at the Centre Europeen de Recherche et d’Enseignement des 
Geosciences de l’Environnement (CEREGE) in Aix-en-Provence. There 
was great interest in nanotechnology on the Rice University campus, 
where the first nanotechnology institute in the world — today the 
Smalley Institute — was established in 1993. The physical-chemical 
processes group at the CEREGE had for many years taken an atomic- 
scale approach to addressing water treatment and solid waste issues, 
employing many of the tools that enable nanochemistry research. We 
perceived a need for introducing a materials science dimension to envi- 
ronmental engineering curricula, and this need resonated with a grow- 
ing interest in nanotechnology. Although efforts were being made at 
that time to import newly developed nanomaterials to environmental 
applications, apart from futuristic scenarios of “gray-goo”— producing 
nanobots [13], the environmental impacts of nanomaterials produced in 
the near term had not yet been addressed. 

With financial support from the Office of Science and Technology of 
the French Consulate, in December 2001 we organized the first-ever 
public forum addressing the environmental implications of nanotech- 
nologies. This event, sponsored by the Environmental and Energy 
Systems Institute at Rice, brought together nanochemistry and envi- 
ronmental researchers from various laboratories in France and from 
Rice to speculate on health and environmental impacts of nanomate- 
rials. The repercussions from this event have been widespread and 
included the launch of a newly minted NSF center (CBEN) and the 
creation of an international consortium of researchers addressing the 
impacts of nanomaterials (I-CENTR). Four years of collaboration later, 
and with a substantially enlarged community of researchers around the 
world engaged in research in this area, we reconvened in December 
2005 to consider the progress made in applying nanomaterials to envi- 
ronmental technologies and in understanding the possible impacts of 
these materials on health and the environment. The outline of this 
book follows the agenda of this second symposium. This agenda can be 
presented in the context of the information needed for risk assessment 
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Figure 1.1 Elements of environmental risk assessment focusing on the use of nanomate- 
rials in environmental technologies. 



and risk management (Figure 1.1). Considerations in integrating this 
information to arrive at a risk assessment for a given nanomaterial are 
presented in Chapter 13. 

Properties and principles of nanomaterials 

Nanoscale particles have long been present in environmental systems and 
play a significant role in the function of many natural processes. Examples 
of naturally occurring nanoscale particles include those resulting from 
mineral weathering (e.g., iron oxides and silicates) and emissions from 
combustion processes (i.e., carbon soot). Recent advances in the area of 
nanoscience have provided a means to characterize and manipulate nat- 
urally occurring nanomaterials as well as to manufacture engineered 
nanoparticles (e.g., metal oxides, carbon nanotubes, and buckminster- 
fullerene). It is now possible to control the chemical and physical prop- 
erties of nanoparticles and to tailor them for specific applications. In 
Chapter 3, methods for fabricating nanomaterials and some of the unique 
properties of these materials are presented. Methods for structural and 
chemical characterization are presented in Chapter 4. 
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Nanoparticles are nearly all surface. As an approximation, a 4 nm 
diameter solid particle has more than 50 percent of its atoms at surface. 
One gram of single- walled carbon nanotubes (SWNTs) has over 10 m 2 
of available surface area. This results in nanoparticles being highly sur- 
face reactive and implies that their behavior will, to a great degree, be 
mediated by interfacial chemical interactions. These interactions should 
therefore be governed by the characteristics of these surfaces as reflected 
in adsorption energies, the change in the surface energy heterogeneity 
due to the change of lattice parameters, the distortion of the bonds, and 
the increase of the surface pressure. 

Because atoms at interfaces behave differently, nanomaterials are 
likely to have unique properties compared to larger bulk materials of 
the same general composition. Also, as the size of particles of a given 
material approaches the nanoscale, material properties such as electrical 
conductivity, color, strength, and reactivity may change. These changes 
are in turn related to underlying effects of size that include quantum 
confinement in semiconductor particles, surface plasmon resonance in 
some metal particles, and superparamagnetism in magnetic materials. 
Greater reactivity, and the ability of some nanoparticles to act as elec- 
tron shuttles or, in other cases, as photocatalysts, holds particular inter- 
est in environmental applications. The photocatalytic properties of 
mineral and fullerene nanomaterials are presented in Chapter 5. 

The ability of some nanomaterials to photocatalytically produce reac- 
tive oxygen species (ROS) that may be used to oxidize contaminants or 
inactivate microorganisms may also present a risk of toxicity to organ- 
isms. A methodology for assessing nanoparticle toxicity is presented in 
Chapter 6. While the toxicity of some nanomaterials may be related to 
ROS production, there may be other possible mechanisms as discussed 
in Chapters 11 and 12. 

For nanomaterials to present a risk, there must be both a hazard, 
such as toxicity, and potential for exposure to these materials. The 
interfacial chemical properties of nanoparticles in aqueous media affect 
particle aggregation and deposition processes that in turn affect expo- 
sure. Nanoparticle stability and transport are important in determin- 
ing whether these materials can be removed by water treatment 
technologies, or whether nanoparticles have a high potential for mobil- 
ity in the environment. The mobility of submicron particles and the fac- 
tors that control particle transport, aggregation, and deposition in 
aqueous systems have been explored extensively, particularly for cases 
such as silica and latex suspensions [14—16]. However, despite a large 
number of publications describing procedures for producing nanopar- 
ticles of specific size, shape, and composition displaying unique prop- 
erties of reactivity and mobility compared with better-known bulk 
phases, there has been little theoretical consideration of the special 
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properties of nanoparticles that might affect their potential for aggre- 
gation [17] and little evaluation of the transport properties of these new 
materials in aqueous systems. In Chapter 7, the chemistry of nanopar- 
ticles is examined from a colloid science perspective, considering fac- 
tors that may be different at the nanoscale in determining the 
nanoparticle stability and transport. 

Environmental applications 
of nanomaterials 

The products of nanochemistry are being been used to create new gen- 
erations of technologies for curing environmental maladies and pro- 
tecting public health. Water pollution control, groundwater remediation, 
potable water treatment, and air quality control are being advanced 
through nanomaterial-based membrane technologies, adsorbents, and 
catalysts. The use of nanomaterials as photocatalysts is discussed in 
Chapter 5. Nanomaterials are also inspiring new solutions for provid- 
ing and using energy that are more environmentally neutral than con- 
ventional approaches, as introduced in Chapter 2. Advances in fuel 
cells, photovoltaics, and electrical transmission, as well as solutions for 
managing air and water pollution generated by fossil fuels, have been 
enabled through developments in new materials. 

Groundwater remediation, water treatment, and fuel cell development 
are among the applications in which nanomaterials are finding their way 
into environmental engineering practice. The remediation of contami- 
nated groundwater is a costly problem that has been approached in 
environmental engineering using both pump-and-treat and in situ tech- 
nologies. In most cases, pumping contaminated groundwater to the sur- 
face to remove contaminants and reinjecting the treated water has proven 
to be both cost-prohibitive and incapable of meeting cleanup goals. As a 
result, in situ treatments such as biodegradation have been explored 
extensively. Physical chemical approaches to in situ treatment have 
included the use of zero valent iron and catalysts to promote redox reac- 
tions that degrade contaminants. Nanomaterials have been developed to 
promote such reactions at high rates; however, successful application of 
this technology will require a high degree of control of nanoparticle mobil- 
ity, reactivity, and ideally, specificity for the contaminant of interest. 
Background on groundwater remediation and the development of nano- 
materials for in situ treatment is presented in Chapter 8. 

Membrane technologies are playing an increasingly important role as 
unit operations for environmental quality control, resource recovery, 
pollution prevention, energy production, and environmental monitoring. 
In water treatment they can be used for a wide spectrum of applications, 
ranging from particle removal to organic removal and desalination. 
Membranes are also at the heart of fuel cell technologies. Fuel cells can 
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be viewed as vehicles for both electricity generation and water fabrica- 
tion. Nanoscale control of membrane architecture may yield membranes 
of greater selectivity and lower cost in both water treatment and water 
fabrication. Principles of membrane processes are summarized in 
Chapter 9, and examples of the use of nanomaterials to create new 
membrane systems are described. 

The ability to tailor surfaces for reactivity suggests that nanomateri- 
als may find considerable use as adsorbents. Polymeric nanomaterials 
can be adapted to molecular templating methods to create adsorption 
sites that recognize a specific contaminant. Nanobio conjugates such as 
antibodies attached to mineral nanoparticles have been made to complex 
specific contaminants and also allow for quantitative measurements. 
While nanobio conjugates have been focused largely on analytical tech- 
niques and medical applications, it is possible to imagine adsorbent/ 
measurement systems that allow adsorbency for a targeted contaminant 
to be optimally dosed as a function of the level of contaminant in the water. 

Stimulated in part by research on health effects from low levels of 
arsenic exposure and changes in drinking water standards, there is an 
extensive body of literature growing on the use of various iron nanopar- 
ticles for arsenic adsorption. Nanostructured ferric oxides (derived in 
some cases from ferroxanes), magnetite (for subsequent magnetic sep- 
aration), maghemite, mackinawite, and other forms of iron have been 
investigated. These materials can be easily integrated into existing 
treatment trains and the most promising materials are likely to see 
widespread use in potable water treatment. Chapter 10 focuses on the 
development of iron-based nanomaterials as adsorbents for contami- 
nants such as arsenic. 



Potential impacts of nanomaterials 
on organisms and ecosystems 

Possible risks associated with nanomaterial exposure may arise during 
nanomaterial fabrication, handling of nanomaterials in subsequent pro- 
cessing to create derivative products, product usage, and as the result 
of postusage or waste disposal practices. The quantities of nanomate- 
rials produced per year are large and increasing rapidly. Current pro- 
duction capacities for C 6 o fullerene are in excess of 2,000 tons per year, 
while the carbon nanotube production capacity in 2006 is in the hun- 
dreds of tons per year. These volumes are small compared with the pro- 
duction of more conventional Ti0 2 nanoparticles, silica nanoparticles and 
other materials with a longer history of commercialization. This level 
of production, fueled by growing markets for products that incorporate 
these materials, will inevitably lead to the appearance of nanomateri- 
als in air, water, soils, and organisms. 
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Ironically, the properties of nanomaterials that may create concern in 
terms of environmental impact (such as nanoparticle uptake by cells) 
are often precisely the properties desired for beneficial uses, such as in 
medical applications. While it may be desirable from the standpoint of 
medical therapeutics to have nanoparticles readily taken up by cells, this 
same trait may also have negative implications in an environmental con- 
text. Early efforts addressing the toxicity of nanomaterials have some- 
times yielded results that may be difficult to interpret or even 
contradictory, due to evolving methodologies and limited resources. 
Studies surrounding the possible health effects of a class of carbon- 
based nanomaterials referred to as fullerenes serve as one example. 
Medical studies dating as far back as ten years report that the soccer 
ball— shaped fullerene molecules known as “buckyballs” are powerful 
antioxidants, comparable in strength to vitamin E, while other studies 
report that some types of buckyballs can be toxic to tumor cells, cleave 
DNA, and inhibit bacterial growth [18-23]. 

Exposure via inhalation has been an important concern, particularly 
in the context of nanomaterials fabrication. Some studies have attempted 
to simulate the inhalation of carbon nanotubes, exploring the possibil- 
ity that these nanomaterials might damage lungs, as has been observed 
with other particles such as silica and asbestos. Although carbon nan- 
otubes tend to form large aggregates that may have little opportunity for 
transport into the lungs, smaller concentrations of material might be 
present in air during fabrication that might not encounter each other 
enough to cluster together. Experiments have been conducted wherein 
nanotubes were introduced by washing the lungs of laboratory animals 
with solutions containing the carbon nanotubes. It is not surprising that 
aggregation within the lungs and subsequent suffocation appear to be 
the major risks presented in this mode of exposure [7], Dermal exposure 
is also likely to be important for assessing the risks of both nanomater- 
ial fabrication and product use. Work on the toxicity of nanomaterials 
focused on possible human exposure is reviewed in Chapter 11. 

Ecotoxicological studies of nanomaterials are evolving in parallel with 
work on toxicity to human cells. Much of the earliest work focused on 
fullerene-based nanomaterials. However, studies concluding that bucky- 
balls could impair brain functions in fish [8] and were highly toxic to 
human tissue cultures [24] are difficult to interpret, in part because 
reproducibility in characteristics of the materials used appears to be elu- 
sive, and because the nanomaterials used in these studies were con- 
taminated with an organic solvent added as part of a process to mobilize 
the fullerenes in water. A subsequent study of fullerene toxicity con- 
ducted by another group of researchers [25] found no significant toxic- 
ity for buckyballs, but did observe a toxic response of cell cultures to a 
second group of fullerenes, single-wall nanotubes. Very little is known 
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about interactions between fullerenes and microbial populations. This 
is a critical knowledge gap not only because of the potential to impact 
microorganisms themselves, but also because these organisms serve as 
the basis of the food chain and as primary agents for global biogeo- 
chemical cycles. Ecotoxicological aspects of nanomaterials are discussed 
in Chapter 12. 

The matter of determining whether a substance is “dangerous” 
involves not only determining the material’s toxicity or hazard, but also 
its exposure or probability of coming in contact with an organism. When 
materials are persistent and resist degradation, they may remain in the 
environment for long periods of time, contributing to increased chances 
of exposure. Persistent materials have a greater chance of interacting 
with the living environment. The roles of particle deposition and aggre- 
gation in determining nano materials’ persistence in the environment are 
discussed in Chapter 7. The extent to which nanomaterials may be 
degraded and the conditions that may lead to their breakdown, includ- 
ing metabolism and degradation by bacteria, remain virtually unknown. 
While it is possible that bacteria may accelerate the dissolution of min- 
eral nanoparticles through, for example, their impact on redox condi- 
tions, little work has been done examining the interactions between 
bacteria and these materials. Early efforts exploring biodegradation of 
the carbon-based fullerenes revealed that, at best, these materials will 
be difficult to degrade and therefore should be scrutinized for their per- 
sistence in the environment. 

Chapter 13 addresses the framework for assessing the risks of nano- 
materials, and why such a framework may diverge from the methods of 
assessing conventional materials. There is some temptation to use the 
information known about bulk materials of similar composition to describe 
nanomaterials in assessing risk. For instance, the material safety data 
sheet (MSDS) for carbon black has been applied for C 60 since they both 
consist of only carbon atoms. Using such data for the bulk-phase format 
of a material may be a useful exercise as a first step if the results are inter- 
preted with the appropriate degree of skepticism. However, the novel 
properties of these materials must be incorporated into risk models if, as 
we suspect, they are found to change their interactions and effects. 

While much more study will be needed to assess the true risks to 
health and the environment posed by nanomaterials, there is an imme- 
diate and urgent need for information assessing the risks of producing 
these materials. 

Indeed, many of the materials used to make nanomaterials are cur- 
rently known to present a risk to human health in their own right. In one 
recent study [26], the procedures for making nanomaterials were assessed 
using methods employed by the insurance industry to quantify risk and 
estimate premiums for chemical manufacturers. An encouraging trend we 
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have observed is that the methods for producing nanomaterials often 
appear to become “greener” as they move from laboratory to industrial pro- 
duction. Moreover, setting aside the highly speculative issue of nanoma- 
terials toxicity, these preliminary results suggest that the fabrication of 
nanomaterials entails risks that are less than or comparable to those 
associated with many current industrial activities, such as computer 
manufacturing. 

It would be naive to imagine that the emerging nanomaterials indus- 
try will not leave unforeseen and undesirable traces on our environment. 
To minimize these impacts, environmental engineers and scientists 
should be actively engaged in ensuring that this industry is conceived 
from the outset as a system with global consequences that begin at the 
molecular scale. However, they must also be positioned to apply con- 
vergent knowledge at the molecular scale to respond to some of the 
world’s most pressing problems. Dysentery resulting from a lack of 
access to sanitation facilities and potable water remains the single 
largest killer on our planet. Agricultural productivity will continue to 
be limited in many regions by water availability. 

Water and sanitation are closely linked with access to a sustainable 
supply of energy, while energy production and use have proven to have 
major consequences for human health and the environment. Today, 
those of us living in highly industrialized nations account for less than 
13 percent of the world’s population and half of the world’s energy con- 
sumption. More than a quarter of the world’s population has no access 
to electricity today, and even more must rely on firewood, animal waste, 
and other sources of combustible biomass for basic cooking and heating 
needs. In both the developed and developing nations, the pollution gen- 
erated in the combustion of oil, gas, and biomass pose numerous threats 
to human health and the environment in the form of indoor air pollu- 
tion, acidification of water and soil, and global warming, to name a few. 
The convergence of disciplines at the nanoscale creates opportunities for 
discovering new solutions to these problems as well as the challenge of 
ensuring the cure is not worse than the disease. 
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Oil was, unquestionably, the basis for prosperity for the United States 
and the planet in the last half of the past century But continuing on an 
oil-based path into the 21 st century is not a sustainable path for human- 
ity. As the late Nobel laureate Richard E. Smalley points out, “It is very 
clear to many of us, including leading scientists and policy makers, that 
if oil remains the basis for prosperity for the world throughout this 
century, it cannot be a very prosperous or happy century” 

Among the most important technical challenges facing the world in 
the 21 st century will be sustainable energy supply. Lack of access by 
the poor to modern energy services constitutes one of the most criti- 
cal links in the poverty cycle in Africa, Asia, and Latin America. Despite 
great advances in oil and gas drilling techniques and progress in 
renewable fuels, more than a quarter of the world’s population has no 
access to electricity today, and two-fifths are forced to rely mainly on 
traditional biomass — firewood and animal waste — for their basic cook- 
ing and heating needs. Indoor air pollution from this traditional energy 
source is responsible for the premature death of over 2 million women 
and children a year worldwide from respiratory infections, according 
to the World Health Organization. Without a major technological 
breakthrough, well over 1 billion people will still be without modern 
electricity in 2030, according to calculations by the International 
Energy Agency. 
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The most developed countries, with 13 percent of the world’s popu- 
lation, account for half of the world’s annual energy use. The rate of 
use of energy in the wealthiest countries, per person, is about eight 
kilowatts, compared to one kilowatt in the less developed world. 
Developing countries, such as China and India, are rapidly increasing 
their energy consumption as they improve standards of living. The 
consequences of this rise in demand for energy in the developing world, 
coupled with consistent rises in energy use in the United States, will 
pose serious risks to the global system if new technologies are not 
developed. Indeed, we are already seeing serious global conflicts that 
are, in part, due to increasing concerns about meeting the world’s 
energy needs. 

The need for breakthrough energy solutions is all the more important 
because scientists have become increasingly convinced that the conse- 
quences of continuing to burn fossil fuels at current or expanding rates 
will have deleterious impacts on the global climate. 

Martin Hoffert, professor of physics at New York University and 
author of the widely quoted Science article “Advanced Technology Paths 
to Global Climate Stability: Energy for a Greenhouse Planet,” has 
cost the issue of stabilizing the carbon dioxide-induced component of 
climate change as an energy problem. He notes that stabilization will 
not only require an effort to reduce end-use energy demand, but also 
the development of primary energy sources that do not emit carbon 
dioxide into the atmosphere. Hoffert argues that a broad range of inten- 
sive research and development is urgently needed to produce energy 
technological options that can allow both climate stabilization and eco- 
nomic development [1], 

Under a business-as-usual energy supply scenario, carbon concen- 
trations in the atmosphere would rise to 750 ppm by the end of the 
century, a concentration level that would melt the West Antarctic ice 
sheets and erode coastlines around the globe, Dr. Hoffert told the con- 
ference. In order to hold atmospheric C0 2 concentrations to 350 ppm by 
midcentury — the level targeted by environmental scientists as pre- 
venting catastrophic changes — at least 15 terawatts of nonfossil fuel 
energy will be needed to reduce C0 2 levels to modest targets of 550 ppm 
by 2050. To reach the goal of 350 ppm, at least 30 terawatts would need 
to be derived from nonfossil sources. 

The very large projected growth in world demand for carbon-free 
energy in the coming decades, even under the most conservative 
assumptions, cannot be met with existing technologies. New technolo- 
gies will require a much larger energy R&D effort — combining gov- 
ernment and industry — than in recent years. That will require 
significant multiyear increases in the federal budgets for energy-related 
research in several agencies; improved coordination across government 
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agencies and national laboratories; enhanced partnerships among 
national laboratories, universities, and industry; and increased inter- 
national cooperation. 

Looking at these looming challenges, Dr. Richard Smalley began a 
campaign to promote the utilization of nanotechnology to find a solution 
to the energy problem. Dr. Smalley noted in a speech at Rice University 
in 2004. 

We need to find an economic alternative to oil. We need a new basis for 
energy prosperity. Ten billion people on the planet — that is our challenge. I 
believe this challenge is vastly greater than we admit. Between where we 
are right now and where we need to get to, we really have to find a new oil. 
I do not mean a liquid; I mean a technology that makes us energy rich again 
in an environmentally acceptable fashion for 10 billion people. Between here 
and where we need to be, there is something like ten miracles. The good news 
is that miracles do happen. I have been involved in physical sciences long 
enough to see many of them happen: lasers, high temperature super con- 
ductors, and so forth. But at the rate that they have been happening, over 
my lifetime, I am beginning to appreciate the magnitude of the break- 
throughs that need to happen. I am not by any means convinced that we will 
get there soon enough. That is the reason I feel strongly that we ought to get 
much more intense about this issue than we have in the past and launch a 
major new energy research program to get this problem solved. [2] 

Energy is a “quantitative business.” Worldwide energy use is at the 
rate of 13—14 terawatts, the equivalent of 200-210 million barrels of oil 
per day. Analysts project that we will need at least twice as much energy 
in the next fifty years, but even doubling current resources and finding 
a way to satisfy twice our current levels of consumption for the next half- 
century would not be enough to give each individual on the planet a life 
comparable to that of citizens in the developed world. 

Nanotechnology is the art and science of building materials that act 
at the nanometer scale. The ultimate nanotechnology builds at the ulti- 
mate level of finesse, one atom at a time. The “wet side” of nanotech- 
nology includes all the nanomachinery of cellular life and viruses and 
manifests itself as biotechnology. The “dry side” of nanotechnology, 
which relates to energy, includes electrical and thermal conduction and 
provides great strength, toughness, and high temperature resistance, 
properties not found in biotechnology. Applied nanotechnology holds 
great promise in the energy area. 

There are many ways nanotechnology may play a role in finding solu- 
tions to the energy problem. Funding committed to nanoscience and 
energy has great distributive benefits as it is a crosscutting research 
area. Incremental discoveries, as well as disruptive discoveries, could 
have implications for many fuel and energy sources as well as storage 
and delivery systems. 
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Nanotechnology could also play a pivotal role in providing stronger, 
lighter materials to build lighter-weight vehicles and to provide safer, 
more cost-effective storage for hydrogen fuels. Nanotechnology can 
play a key role in the development of sturdier fuel cells and improved 
membrane technology by providing new, light materials that can 
withstand the large changes in temperatures required in automotive 
operations. 

At present, polymer electrolyte membranes are the most common 
membranes commercially available. But scientists are working to 
develop ceramic electrolyte membranes that will be more durable under 
extreme conditions. Nanostructured ceramic membranes, derived from 
metal-oxane nanoparticles, could present an improvement in the effi- 
ciency of fuel cells. 

The Materials Nanotechnology Research Group at the University of 
Nevada, Reno, under the direction of Dr. Manoranjan Misra, professor 
of materials science in the Department of Chemical and Metallurgical 
Engineering, has developed titanium dioxide nanotube arrays for gen- 
erating hydrogen by splitting water using sunlight. Once the process is 
scaled up to generate a lot of hydrogen from water, it will have great 
potential as a clean energy resource. 

This new method splits water molecules, creating hydrogen energy 
more efficiently than currently available. The fabrication and produc- 
tion of nanotubes is done by a simple electrochemical method. University 
scientists add different tubular materials to increase the water-splitting 
efficiency and using sunlight. 

“We can put one trillion nanotube-holes in solid titanium oxide sub- 
strate, which is approximately the size of thumbnails,” said Misra. Each 
of these holes, a thousand times smaller than a human hair, acts as 
nanoelectrodes. 

The hydrogen project also stores hydrogen in nanoporous titanium and 
carbon nanotube assemblies. These nanomaterials are powerful enough 
to maintain hydrogen for use in vehicles. 

Among the major energy nanotechnology grand challenges are the 
following, according to a Smalley Institute for Nanoscale Science and 
Technology/James A. Baker III Institute for Public Policy study on the 
subject: 

■ Lower costs of photovoltaic solar energy by tenfold 

■ Achieve commercial photocatalytic reduction of C0 2 to methanol 

■ Create a commercial process for direct photoconversion of light and 

water to produce hydrogen 

■ Lower the costs of fuel cells by ten- to a hundred-fold and create new, 

sturdier materials 
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■ Improve the efficiency/storage capacity of batteries and supercapaci- 
tors by ten- to a hundred-fold for automotive and distributed genera- 
tion applications 

■ Create new lightweight materials for hydrogen storage for pressure 
tanks, LH2 vessels, and an easily reversible hydrogen chemisorption 
system 

■ Develop power cables, superconductors, or quantum conductors made 
of new nanomaterials to rewire the electricity grid and enable long dis- 
tance, continental, and even international electrical energy transport, 
and reducing or eliminating thermal sag failures, eddy current losses, 
and resistive losses by replacing copper and aluminum wires 

■ Enable nanoelectronics to revolutionize computers, sensors, and 
devices for the electricity grid and other applications 

■ Develop thermochemical processes with catalysts to generate hydro- 
gen from water at temperatures lower than 900 C and at commercially 
viable costs 

■ Create super-strong, lightweight materials that can be used to improve 
efficiency in cars, planes, and space travel; the latter, if combined 
with nanoelectronics-based robotics, possibly enabling solar struc- 
tures on the moon or in space 

■ Create efficient lighting to replace incandescent and fluorescent lights 

■ Develop nanomaterials and coatings that will enable deep drilling at 
lower costs to tap energy resources, including geothermal heat, in 
deep strata 

■ Create C0 2 mineralization methods that can work on a vast scale 
without waste streams (possibly basalt-based) 



Nanotechnology and Renewable Energy 

Use of renewable energy is an extremely promising option for both reduc- 
ing greenhouse gas emissions and enhancing diversity of energy supplies. 
Unlike nuclear energy or coal-derived fuel, solar-derived energy has no 
massive scale waste product requiring expensive and environmentally 
challenging disposal. Environmentally driven carbon taxes that favored 
renewable energy might be one policy route that would propel the use of 
solar technologies. But so far, many countries have favored direct sub- 
sidies to investors in renewable energy and imposition of renewable 
energy target standards. China, with the highest energy-use growth 
rate in the world, has set a target of 10 percent renewable energy by 2010. 
The European Union (EU) directive on renewable energy sources sets a 
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target of 12 percent of energy and 22 percent of electricity from renew- 
able sources by 2010, including hydroelectric power. 

In the United States, state governments are leading the way for the 
promotion of solar energy. More than twenty states have now passed 
Renewable Portfolio Standards, while fourteen states have set up 
Renewable Energy Funds to subsidize or promote development of new 
renewable technologies, such as solar and wind power. Clean Edge, a 
research firm in Oakland, California, predicts that spending in renew- 
able energy will jump to $89 billion by 2012, from $10 billion today. 

With a production cost of around 20 to 30 cents per KWh for solar 
energy, solar energy is not yet positioned to be a major competitor to 
fossil fuels, whose electricity generation costs are as low as 2 to 3 cents 
per KWh. However, distributed customer-sited photovoltaics (PVs), where 
transmission and most distribution costs are avoided, is currently com- 
petitive as a peaking technology with small subsidies in regions with 
high levels of solar radiation. In dense urban areas with constrained 
underground transmission and distribution networks, such as San 
Diego, California, PVs can be competitive if the retail pricing fairly 
reflects the full value of generation at peak. Solar energy has also made 
inroads in Germany and Japan where overall retail electricity prices are 
higher than in the United States. 



Renewable 

Resource 


Approximate Price 
per kilowatt hour 
(1980) 


Approximate Price 
per kilowatt hour 
(2003) 


R &D Goal 
Approximate Price 
Target 


Wind 


$0.80 


$0.05 


$0.03 (2012) 


Solar (PV) 


$2.00 


$0.20-0.30 


$0.06 (2020) 


Biomass 


$0.20 


$0.10 


$0.06 (2020) 


Geothermal 


$0.15 


$0.05-0.08 


$0.04 (2010) 



SOURCE: U.S. Department of Energy 



Numerous challenges must be overcome to propel renewable energy 
to replace fossil fuels. Solar energy can be generated through the use of 
plants, through photovoltaic semiconductor junctions, and through catal- 
ysis (in which water is split using sunlight, producing relatively cheap 
hydrogen to produce electricity). Researchers will need to be able to 
offer disruptive solar technology with inexpensive conversion systems 
and effective storage systems. One option is to reduce the costs by 
improving the efficiency of photovoltaic cells. Another is to lower costs 
by enhancing systems to generate thermal solar energy on a larger, 
more cost-effective scale. New catalysts and new integrated systems 
need to be developed to help convert intermittent power into base-load 
power, including new materials to convert sunlight to hydrogen and 
oxygen. 
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In the May 2004 issue of Physical Review Letters, a team from Los 
Alamos National Laboratory found that quantum dots produce as many 
as three electrons from one high energy photon of sunlight. When today’s 
photovoltaic solar cells absorb a photon of sunlight, the energy gets 
converted to one electron, and the rest is lost as heat. This nanotech- 
nology method could boost the efficiency from today’s solar cells of 
20-30 percent to 65 percent. 

Global electricity demand has been expanding at a rate of 3.0 percent 
per year since 1980, resulting in an overall increase of 88 percent to 
13,934 bkwh, up from 7,417 bkwh. World electricity demand is expected 
to double by 2030, growing at an annual rate of about 2.4 percent, as 
economic activity is enhanced in developing nations such as China and 
India. U.S. electricity demand grew from 2,094 bkwh in 1980 to 
3,602 bkwh in 2005, or an average annual rate of 2.6 percent. U.S. elec- 
tricity demand is projected to increase by 1.9 percent per annum by 2020. 

Still, much of the world’s population will remain without modern 
energy services unless new, aggressive policies and emerging technolo- 
gies are launched in the coming years. The global electricity sector will 
require as much as $10 trillion in new investments over the next three 
decades, according to the International Energy Agency (IEA). This is 
close to three times higher in real terms than the investment made in 
the sector over the past three decades. Substantial investment will go into 
transmission and distribution networks. In the developing world alone, 
$5 trillion in spending in new electricity infrastructure will be needed to 
meet projected targets for economic growth and social development. 

The advantages of developing a new, improved, and more efficient grid 
system are tremendous. But there are clear technological and political 
hurdles that must be overcome to achieve this target. New materials and 
new technical approaches will need to be developed and an elaborative 
plan must be sculpted to map a smooth transition into an electrically 
digital society. Nanotechnology holds great promise for the electricity 
sector through its ability to enhance the new grid by introducing post- 
silicon power electronics and complex, iterative, adaptive controls. 

By supplying electrical systems with nanosensors and nanosources as 
well as nanochips able to apply concepts of distributed business, adap- 
tive learning, simulation, micro-real options, and work-flows while per- 
forming peer-to-peer assessment, major changes can occur in terms of 
energy efficiency and energy supply. 

A new national initiative is being pursued to produce solid-state 
lighting — light emitting diodes (LEDs) and lasers — that promises to be 
ten times more efficient and two times brighter than incandescent and 
fluorescent lights, respectively. General lighting is responsible for 20 per- 
cent of global energy consumption, and conventional light sources offer 
very low energy efficiencies of 5 percent for incandescent and 25 percent 
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for fluorescent bulbs. Department of Energy (DOE) road mapping stud- 
ies predict that by 2025, government investments in nano-layered solid- 
state lighting (SSL) will result in a 50 percent decrease in the amount 
of U.S. electricity used for lighting and a 10 percent decrease in the total 
U.S. electricity consumption overall. This will translate into a 17 
gigawatt reduction in U.S. demand for electrical generating capacity and 
the equivalent of more than 28 megatons per year reduction in U.S. 
carbon emissions. 

Nanomaterial applications are expected to play a major economic role 
in increasing the efficiency of light sources, motors, electrodes, and 
efficient wear-resistant material. In addition, nanoclusters, able to 
increase the efficiency of catalytic processes, are thought to hold the 
answer for reducing the emission of nitrogen oxides. Beyond applications 
in materials science and catalysis, there is also great potential for first 
order interaction between nanoscience and energy. 

According to Dr. Timothy Fisher, associate professor of mechanical 
engineering at Purdue University, nanoscience could have profound 
implications for energy conversions and efficiency. “When materials are 
being spatially confined, the energy states of the energy carriers change,” 
he explains. This change in behavior can be particularly useful in direct 
energy conversion technologies and energy transport in electron emis- 
sion processes. Direct thermal-electrical conversion is particularly 
appealing from an engineering point of view due to its ability to elimi- 
nate moving parts. To reach the phase where nanoenergy conversion 
devices could be produced, advancements in the field of nanoscale ther- 
moelectrics are needed. According to research conducted at the Research 
Triangle Institute, the use of nanoscale structures is thought to signif- 
icantly improve thermoelectric performance. 

Nanomaterials (e.g., carbon nanotubes) also offer a solid path to updat- 
ing energy transmission. Since they are strong and conduct energy six 
times better than copper, they make sense as a new option. Their size 
is another advantage, especially in places like New York City that have 
run out of underground real estate. In NYC, the underground utility cor- 
ridors are so full of copper wires, it is joked that they have the greatest 
supply of copper in the world. 

Carbon nanotube cables would be small enough to be added to exist- 
ing corridors. When demand outpaced supply, metropolitan utility com- 
panies would have another alternative than buying expensive real estate. 

Smalley Electricity Vision 

One attractive candidate for the “new oil” fuel of the coming century is 
electricity, with local storage technology and long distance transmission 
holding the key to a new energy world. The single biggest problem of 
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electricity is storing it. Approaches that entail production and storage 
of electricity on a vast scale are daunting, but technologies could be 
developed to attack the energy storage problem locally, at the scale of a 
house or small business. A local storage based system would allow users 
to buy energy supplies off the grid when supplies are cheapest, unlike 
the current centralized plant system where almost twice as much gen- 
eration capacity is needed to fulfill peak time demand. 

One vision of such a distributed storage/generation grid for 2050 
includes a vast electrical continental power grid with over 100 million 
asynchronous local storage units and generation sites, including private 
households and businesses. This system would be continually innovated 
by free enterprise, with local generation buying low and selling high to 
the grid network. Optimized local storage systems would be based on 
improved batteries, hydrogen conversion systems, and flywheels, while 
mass primary power input to the grid could come from remote locations 
with large-scale access to cleaner energy resources (solar farms, 
stranded natural gas, closed-system clean coal plants, and wave power) 
to the common grid via carbon nanotubes, high-voltage wires that min- 
imize loss. Excess hydrogen produced in the system could be used in the 
transportation sector, and excess residential electricity could be used to 
recharge plug-in hybrid electric vehicles. Innovative technological 
improvements in long distance, continental power grids that could trans- 
port hundreds of gigawatts over a thousand miles instead of a hundred 
megawatts over the same distance would permit access to very remote 
sources, including large solar farms in the deserts, where local storage 
can be used as a buffer. Remote nuclear power sources could be located 
far from populated areas and behind military fences, to address prolif- 
eration concerns. Clean coal plants could be located wherever it is 
convenient and economical to strip out and sequester the C0 2 . 

To Richard Smalley, breaking down the electricity issue to the local- 
ized level was a critical part of creating new energy solutions. He noted 
in his energy lecture. 

When we are trying to find a way to store electrical energy on a vast scale, 
as we generally need energy in gigawatt power plants, there are very few 
options that one can imagine on that large scale for energy storage. But if 
you imagine attacking the energy storage problem locally, at the scale of a 
house or a small business, the problem becomes vastly more solvable 
because there must be many more technologies that are accessible at the 
smaller scale. As a scientist, I would rather fight the battle of energy stor- 
age locally than on huge centralized scales. 

Under a change of approach toward distributed energy and localized 
residential storage, reliability of the electrical grid becomes less impor- 
tant. The local residential and business sites can determine what period 
of time they want to be buffered by the grid and when to rely on storage. 
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Increasingly, the primary energy producers that put electrical power in 
the world can simply dump the power onto the grid in the cheapest pos- 
sible way, and locally, the local storage buys it off the grid when it is 
cheapest, when it is, of course, most abundant. Such a system would 
relieve the pressures of having to provide almost twice the generating 
capacity than is used on average to account for the peaks and the lows 
of electricity demand. Competition at the residential storage appliance 
level allows the electrical energy grid to transform itself, with a time 
period of a couple of years rather than decades. By allowing the possi- 
bility to mix locally produced electricity with grid-delivered centralized 
sources, the energy system becomes more robust. 

The shift to a nanosupported, localized distributed energy system has 
the advantage that it does not require tearing down existing centralized 
facilities and building completely new and separate infrastructure. New 
distributed facilities can be initiated now and connected to the existing 
plants providing power to the grid. The value is that it would facilitate 
not only residential solar, but also other very remote energy sources to 
this same grid, including vast solar farms in the deserts, where local 
storage serves as a buffer supply for when the sun is down, as well as 
storing energy from wind when it is blowing. Vast amounts of electrical 
power can also be imported from remote nuclear power sources way out 
in somebody else’s backyard, behind a military fence, where one can be 
absolutely sure there is no nuclear weapons risk or accident risk asso- 
ciated with plant operations. Links are also possible to electricity plants 
generating power from clean coal, wherever there is a site where C0 2 
can be sequestered cheaply and not have it come back at greater than 
0. 1 percent leakage per year. Distributed electricity systems can be used 
to fuel plug-in electric hybrid vehicles. 

Conclusion 

Our current energy predicament requires a bold new energy science 
and technology program, as well as an enlightened federal policy to 
map out the path to development of new sources for a better energy and 
environmental future for the 21 st century. Such a path will have to be 
guided by an enlightened federal energy policy that goes well beyond 
anything we have had or have today. Elements of a new energy policy 
must include the means and incentives to rapidly develop, demonstrate, 
and deploy cheaper, more efficient, and environmentally sound energy 
supplies to protect the global environment while improving the quality 
of life in developing countries. With visionary leadership at the highest 
levels of government — and sound national science, technology, and 
energy policies to match — larger numbers of talented and motivated 
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young people might well find the world’s energy challenge sufficiently 
compelling to attract them into careers in science and engineering. 

In the case of energy policy, scientists should focus on guiding federal 
decision making so that limited resources are well spent, and solutions 
to critical challenges such as energy and the environment can be devel- 
oped and implemented in an efficient and cost-effective manner. 
National strategies should reflect the best range of alternatives so that 
markets are able to select technological solutions that will meet national 
goals. The United States has a leading role to play, working in part- 
nership with other nations of the world, including the least developed 
countries, in dealing with this truly global energy, environmental, and 
security challenge. 
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The ability to fabricate nanomaterials (often in the form of nanoparti- 
cles) with strictly controlled size, shape, and crystalline structure, has 
inspired the application of nanochemistry to numerous fields, including 
catalysis, optics, and electronics. The use of nanomaterials in such appli- 
cations also requires the development of methods for nanoparticle 
assembly or dispersion in various media. Although much progress has 
been realized during the last decades in the development of highly 
advanced analytical tools enabling the characterization of nanostruc- 
tures and an understanding of their physical properties, the synthesis of 
well-defined nanoparticles has resulted in several prominent milestones 
in the progress of nanoscience, including the discovery of fullerenes [1] , 
carbon nanotubes [2, 3], the synthesis of well-defined quantum dots 
[4-6] and the shape control of semiconductor CdSe nanocrystals [7]. 
However, despite a vigorous expansion in the methods of nanoparticles syn- 
thesis, it is still difficult to generalize underlying physical or chemical 
principles behind existing synthesis strategies to any arbitrary nanoma- 
terial. A general, mechanistic understanding of nanoparticle formation 
that might guide the development of new materials remains lacking [8]. 
Though the synthesis of nanoparticles with control over size, shape, and 
size distribution has been a major part of colloid chemistry for decades, it 
remains an intensely studied topic as is evident by a substantial body of 
literature. In this chapter, we provide an overview of the main methods 
that have proved to be successful for the fabrication of several classes of 
nanomaterials: specifically, oxides, chalcogenides, metals, and fullerenes. 

29 
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Specificity and Requirements 

in the Fabrication Methods of Nanoparticles 

Ultra-dispersed systems, such as dispersions of nanoparticles, are intrin- 
sically thermodynamically metastable, in large part due to the very 
high interfacial areas. Nanoparticle surface area represents a positive 
contribution to the free enthalpy of the system. If the activation ener- 
gies are not too high, spontaneous evolution of a nanoparticle dispersion 
can occur causing an increase in nanoparticle size or the formation of 
nanostructured domains and leading to the decrease of the surface area. 
Consequently, it follows that: 

■ An ultra-dispersed system with a high surface energy can be only 
kinetically stabilized. 

■ Ultrafine powders cannot be synthesized by methods involving ener- 
gies that exceed a threshold, but rather through methods of “soft 
chemistry” that maintain the forming particles in a metastable state. 

■ Additives and/or synthesis conditions that reduce the surface energy 
are needed to form nanoparticles stabilized against sintering, recrys- 
tallization, and aggregation. 

Under these conditions, any solid matter such as metal oxides, chalco- 
genides, metals, or carbon can be obtained at the nanometric scale. 

Synthesis methods for nanoparticles are typically grouped into two 
categories: 

■ The first involves division of a massive solid into smaller portions. This 
“top-down” approach may involve milling or attrition (mecano- 
synthesis), chemical methods for breaking specific bonds (e.g., hydro- 
gen bonds) that hold together larger repeating elements of the bulk 
solid, and volatilization of a solid by laser ablation, solar furnace, or 
some other method, followed by condensation of the volatilized 
components. 

■ The second category of nanoparticle fabrication methods involves con- 
densation of atoms or molecular entities in a gas phase or in solution. 
This is the “bottom-up” approach in which the chemistry of metal com- 
plexes in solution holds an important place. This approach is far more 
popular in the synthesis of nanoparticles, and many methods have 
been developed to obtain oxides, chalcogenides, and metals. 

The liquid-phase colloidal synthetic approach is an especially powerful 
tool for convenient and reproducible shape-controlled synthesis of 
nanocrystals — not only because this method allows for the resulting 
nanocrystals to be precisely tuned in terms of their size, shape, crys- 
talline structure, and composition on the nanometer scale, but also 
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because it allows them to be dispersed in either an aqueous or a non- 
aqueous medium. Moreover, these nanoparticles can be modified in 
liquid suspension by treatment with various chemical species for appli- 
cation and use in a diverse range of technical or biological systems. 

Oxides 

The most widespread route to fabrication of metal oxide nanoparticles 
involves the bottom-up approach by the precipitation in aqueous solution 
from metal salts. Organometallic species can also be used in hydrolytic 
or nonhydrolytic pathways, but due to their cost and the difficulty in 
manipulating these compounds, they are used less frequently and 
primarily for high-tech applications. An alternative top-down approach 
has been demonstrated for aluminum and iron oxide nanoparticles; 
however, it is possible that this methodology could be extended to other 
oxides. 

From molecular species to nanoparticles 

One approach to the creation of oxide nanoparticles is to build from the 
“bottom-up,” beginning with individual ions or molecular complexes of 
metals. Variations on this approach include the hydroxylation of metal 
cations in aqueous solutions, the use of metal alkoxides, nonhydrolytic 
routes such as those employing metal halides. 

Hydroxylation of metal cations in aqueous solution and condensation: Inorganic 
polymerization. The metal cations issued for the dissolution of salts in 
aqueous solution form true coordination complexes in which water mole- 
cules form the coordination sphere. The chemistry of such complexes, and 
especially their acid behavior, provides a framework for understanding how 
the solid (oxide) forms via inorganic polycondensation [9, 10]. 

The binding of water molecules to a cation involves an orbital inter- 
action allowing an electron transfer from a water molecule to a cation 
following Lewis’s acid-base concept of the coordination bond. Such a 
transfer drives the electronic density of water molecules toward the 
cation and weakens the O-H bond of the coordinated water molecules. 
They are consequently stronger Bronsted acids than the water molecules 
in the solvent itself, and they tend to be deprotoned spontaneously 
according to the hydrolysis equilibrium: 

[M(H 2 0)J z+ + h H 2 0 « [M(0H) h (H 2 0) n _h] (z-h)+ + h H 3 0 + 
or by neutralization with a base: 

[M(H 2 0)J 2+ + hHO-« [M(0H) h (H 2 0) n _ h ] (z “ h>+ + h H 2 0 
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In these equilibria, h is the hydroxylation ratio of the cation. It rep- 
resents the number of hydroxo ligands (OH) present within the coordi- 
nation sphere, or the number of protons eliminated from the coordination 
sphere of the aqua cation. 

The acidity of the aqua cation strongly depends on the strength of the 
M-0 bond — that is, the magnitude of the electron transfer from oxygen 
toward the metal. The acidity can be related to the polarizing charac- 
ter of the cation — that is, the ratio of formal charge (oxidation state) to 
its size. The equilibrium constant of the first step of hydroxylation 
(h = 1) for many cations where d stands for the M-0 distance can be 
empirically expressed by: J 

log K ~ -20 + ll(z/d) = -AG° • RT 

The hydrolysis rate of cations in aqueous solution also depends strongly 
on the pH of the medium because the equilibrium involves the transfer 
of protons. From the acidity constants of medium-sized cations [9, 11], a 
charge-pH diagram was established [12] in which three domains are 
plotted (Figure 3.1). The lower domain corresponds to the existence of 
aqua-cations [M(H 2 0) n ] z+ , the upper to oxo-anions [MO,,]'"" z ’ , and the 
intermediate domain corresponds to hydroxylated complexes contain- 
ing at least one hydroxo ligand. These domains are separated by two lines 
corresponding to h = 1 and h = 2n— 1, respectively. This diagram is a 
useful guide to understand the condensation and precipitation phe- 
nomena involved in the synthesis of particles. Condensation between 
species in solution becomes possible only when they are hydroxylated. 



z 




Figure 3.1 Nature of the ligand in the coordination sphere of 
a cation as function of its formal charge, z, and the pH of the 
medium [12]. Possible initiation methods of condensation 
reactions are depicted. 
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Therefore, condensation can be initiated by varying the pH of the solu- 
tion by addition of a base on an acid (element M with z < 4) or by addi- 
tion of an acid on a base (element M with z > 4). Condensation can also 
be initiated via redox reactions with elements having several stable oxi- 
dation states (Figure 3.1). 

Hydrolysis is, strictly speaking, a neutralization reaction carried out 
by the water molecule: 

[M(H 2 0)jJ z+ + h H 2 0 -> [M(0H) h (H 2 0) n _iJ (z-h)+ + h H: olvated 
For this reaction, it has been shown [9]: 

AH° = (75.2 - 9.6 z) kJ mol' 1 , AS° = ( -148.4 + 73.1 z) J mol' 1 
and: 

AG° 298 = (119.5 - 31.35 z) kJ mol' 1 

The reaction is spontaneous (AG° < 0) for elements of charge equal 
to or greater than 4. Therefore, at room temperature, tetravalent ele- 
ments do not exist as purely aquo complexes, even in strongly acidic 
medium. For elements with a charge, z, smaller than 4, AG° becomes 
negative only if the temperature is higher than 298 K. Therefore, it is 
necessary to heat the solution in order to carry out hydrolysis of the 
cation (forced hydrolysis or thermohydrolysis). 

The monomeric, electrostatically charged, hydroxylated species 
[M(0H) h (H 2 0) n _h] (z ' h)+ or [MO n _ h (OH) h ] (2n ' z ' h) ' are generally observed in 
solution only at very low concentrations. More often, they condense and 
form soluble polynuclear species, polycations (h < z), and polyanions (h > z) 
respectively, in which the cations are bounded by hydroxo or oxo bridges 
[10] . These entities are generally of molecular size, although giant polyan- 
ions of molybdenum containing up to 368 Mo ions have been recently syn- 
thesized! [13] The condensation of neutral complexes with h = z is, in 
general, not limited and continues to the formation of a solid. 

Hydroxylated complexes condense via two basic mechanisms of nucle- 
ophilic substitution, depending on the nature of the coordination sphere 
of the cations. In all cases, the driving force to the condensation is the 
nucleophilicity of the hydroxo ligand. The cation must also have an elec- 
trophilic character high enough to be subjected to the nucleophilic 
attack. Condensation of aquohydroxo complexes proceeds by elimination 
of water and formation of hydroxo bridges (olation): 



h 2 o— m— oh + — M— oh 2 ► h 2 o— m— oh— m— oh 2 + h 2 o 
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For oxohydroxo complexes, there is no water molecule in the coordina- 
tion sphere of the complexes and therefore no leaving group. Condensation 
has to proceed in this case via a two-step associative mechanism leading 
to the formation of oxo bridges (oxolation): 



The hydroxylation rate, h, of the complexes represents their func- 
tionality toward condensation, and it controls the type and the structure 
of condensed species. It is obvious that h is a function of the pH of the 
medium. Its also depends on the characteristics of the cation such as 
size, formal charge, and electronegativity. 

Condensation of hydroxylated and electrically charged complexes 
(h < z) always ends at a more or less advanced stage, leaving discrete 
species in solution, either polycations or polyanions, depending on 
whether the monomeric complex is a cation or an anion. Indeed, elec- 
trical charges cannot indefinitely accumulate on a metal-oxo-polymer, 
and condensation stops as soon as conditions allowing nucleophilic 
substitution are no longer present. As condensation causes water 
elimination, there is a change in composition of the reaction product that 
produces a variation of its average electronegativity, causing charge 
redistribution within its structure and, therefore, a change in the 
reactivity of the functional groups [10]. Hence, OH ligands in the grow- 
ing species may lose their nucleophilic character, and cations may lose 
their electrophilic character. Usually, during condensation, the nucle- 
ophilic character of hydroxo ligands cancels in polycations, and the elec- 
trophilic character of the cation cancels in polyanions. Condensation of 
electrically neutral ions (h = z) continues always indefinitely until there 
is precipitation of a solid (hydroxide, oxyhydroxide, or more or less 
hydrated oxide) or of a basic salt in the presence of complexing ligands. 
Elimination of water from noncharged complexes never leads to a 
sufficient change in the average electronegativity to cancel the reactivity 
of functional groups. 

In theory, an hydroxide M(OH) z is formed via endless condensation of 
aquo-hydroxo complexes. However, the hydroxide may not be stable. 
Its spontaneous dehydration, more or less rapid and extensive, gener- 
ates an oxyhydroxide MO x (OH) z , 2x or a hydrated oxide MO z/2 • (H 2 0) x . 
The reaction takes place via oxolation in the solid phase with elimina- 
tion of water from hydroxo ligands. The reaction is associated with 
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structural changes in order to preserve the coordination of the cation. 
Usually, elements with a +2 charge precipitate as hydroxides, and those 
with a +3 charge as oxyhydroxides (the final stage of evolution is the 
oxide). Those of higher charge form oxides of various level of hydration [14]. 
This sequence is a clear illustration of the increasing polarization of the 
hydroxo ligands by the cation, which is associated with the covalent nature 
of the metal-oxygen bond. 

In summary, condensation of cations in solution is initiated when 
acidity allows the presence of the hydroxo ligand in the coordination 
sphere of the cation. This occurs through addition of a base to aquo 
complexes of elements of formal charge equal to or smaller than 4, or 
through addition of an acid to oxo complexes of elements of charge equal 
to or greater than 4 (Figure 3.1). Two reactions, olation and oxolation, 
respectively, ensure the development of condensation. The condensation 
of cationic and anionic hydroxylated complexes is always limited. It 
leads to polycations and polyanions, respectively. Formation of a solid 
requires the presence of zero-charge complexes. It is also possible 
(although less common) to involve redox phenomena in order to decrease 
the formal charge on the metal and force the appearance, under given 
acidic conditions, of the hydroxo ligand in the coordination sphere of the 
cation. 

Hydroxide, oxyhydroxide, or hydrated oxide solid phases obtained via 
precipitation are made of particles whose average size may range from 
a few nanometers to a few microns. Particle morphology may vary 
depending on synthesis conditions. Moreover, aging in aqueous solution 
may bring about significant dimensional, morphological, and structural 
changes. In order to understand how small particles form and what 
role the experimental parameters play on their characteristics and on 
evolution, it is useful to review the kinetic aspects of condensation 
reactions. 

The precipitation of a solid involves four kinetic steps [15—17]: 

1. Formation of the zero-charge precursor [M(0H) z (H 2 0) n 7 ]°, which is 
able to condense and form a solid phase. Hydroxylation of the cation 
is a very fast acid/base reaction, but the rate of formation of the zero- 
charge precursor in solution can largely vary depending on whether 
the reaction starting from cationic complexes for example, takes place 
through addition of a base, thermohydrolysis, or slow thermal decom- 
position of a base such as urea. 

2. Creation of nuclei, through condensation (olation or oxolation) of 
zero-charge precursors. The condensation rate is a function of pre- 
cursor concentration, and as long as it is small at the onset of cation 
hydroxylation, the rate is almost zero (zone I, Figure 3.2a). Beyond 
a critical concentration C mm , the condensation rate increases abruptly 
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and polynuclear entities — the nuclei — are formed in an “explosive” 
manner throughout the solution (zone II, Figure 3.2c). Indeed, nucle- 
ation is an abrupt kinetic phenomenon because, since its order is 
high compared to the precursor concentration, it is either extremely 
fast or nonexistent within a narrow concentration range (Figure 3.2b 
and 3.2c). If the rate of generation of the precursor is significantly 
smaller than the condensation rate, nucleation sharply reduces the 
precursor concentration and the condensation rate decreases equally 
rapidly. When the precursor condensation is again close to C min , for- 
mation of new nuclei is no longer possible. 

3. Growth of the nuclei through addition of matter, until the primary par- 
ticle stage is reached. This step follows the same chemical mechanisms 
as nucleation: olation or oxolation. However, for a concentration close 
to C min , the nucleation rate is very small and precursors condense pref- 
erentially on existing nuclei. Nuclei grow until the precursor concen- 
tration reaches the solution saturation (in other words, the solubility 
limit) of the solid phase (zone III, Figure 3.2b,c). Growth, having kinet- 
ics of first or second order, is a somewhat faster process. Precursor con- 
densation during precipitation is a function of the respective rates of 
precursor generation and nucleation. Nucleation and growth phases 
may therefore be consecutive or overlap and occur simultaneously if the 
precursor concentration stays higher than C^. 

The number, and therefore the size, of the primary particles that 
form from a given quantity of matter is linked to the relative nucleation 

Number Size Concentration 




Figure 3.2 Change (a) in the number and sizes of particles formed in solution, and 
(b) in concentration C of the soluble precursor of the solid phase during precipitation 
[18]. Condensation rate, which is zero for C < C^, becomes infinite for C a C max . Cg 
is the solubility of the solid phase, (c) Nucleation (n) and growth (g) rates as a func- 
tion of precursor concentration in solution. 
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and growth rates (Figure 3.2a). In order to obtain particles of homoge- 
neous size, it is necessary that the nucleation and growth steps be sep- 
arated to ensure that a single nucleation stage takes place, and that 
growth, via accumulation of all remaining matter, be controlled. This 
implies that the nucleation rate should be much greater than the rate 
at which the precursor is generated. Under these conditions, nucle- 
ation is very brief and clearly decoupled from the growth phase. If the 
nucleation rate is not high enough compared to the rate of generation 
of the precursor, precursor concentration remains higher than C m i n 
throughout the reaction, and nucleation and growth are simultaneous. 
The growth of the first nuclei is much larger than that of the younger 
ones, which leads to a large particle size distribution. 

4. Nucleation and growth steps form particles under kinetic control fol- 
lowing a reaction path of minimum activation energy under condi- 
tions imposed to the system (acidity, concentration, temperature), but 
the products are not necessarily thermodynamically stable. Aging of 
the suspensions, which may take place over a very large time scale 
(hours, days, or months), allows the system to tend toward or reach 
stability, and it is often associated with modifications of some phys- 
ical or chemical characteristics of the particles. “Ostwald ripening” 
leads to an increase in the average particle size and possible aggre- 
gation (zone IV, Figure 3.2a). Aging may also trigger a change in 
morphology and crystalline structure or even cause crystallization of 
amorphous particles. In fact, aging is one of the most important phe- 
nomena that must be considered, because it determines the charac- 
teristics of the particles after precipitation. 

Control of particle size, crystalline structure, and morphology. There are 
different techniques to form the complex of zero charge and to obtain a 
solid. The most common method consists of introducing a base into the 
acid solution of a metal salt at room temperature. When solutions such 
as these are mixed, a high concentration of hydroxylated complexes 
rapidly forms along with induced local pH gradients. Inhomogeneities 
in the hydrolysis products often present during such a missing procedure 
may result in random condensation and the formation of an amor- 
phous solid with an ill-defined chemical composition. Such a result 
is exemplified by the case of ferric ions. They precipitate quasi- 
instantaneously at pH > 3 into a poorly defined, highly hydrated phase, 
called 2-line ferrihydrite [19]. (This phase takes its name from its X-ray 
diffraction pattern, which exhibits only two broad bands.) In similar con- 
ditions, Al 4+ ions form a transparent amorphous gel [20]. At pH > 2, 
Ti 4+ ions form an amorphous oxyhydroxide with a composition near to 
TiO 0 . 3 (OH) 3 4 [21], These solids are formed of very small size particles, 
around 2—3 nm in diameter, and are strongly metastable. They evolve 
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spontaneously in suspension more or less quickly to form crystalline 
nanoparticles, with possibly an increase in particle size, releasing simul- 
taneously the lattice energy (and decreasing the surface energy) to 
decrease the free enthalpy of the system. The acidity of the suspension 
during evolution is the most important parameter to control crystalline 
structure and the size of the final particles. Two distinct mechanisms 
are involved in the transformation. 

When the suspensions are aged at a pH where the solid is partially 
soluble, the concentration in solution may be enough to feed nuclei of a 
more stable crystalline phase. A transfer of matter occurs via the solu- 
tion from the soluble amorphous phase toward a less soluble crystalline 
phase during a slow dissolution-crystallization process allowing for- 
mation of well-crystallized particles. Such a process is involved in the 
formation of goethite, a-Fe(0)(0H), during aging of ferrihydrite in sus- 
pension at pH < 5 or pH >10. Because of structural anisotropy of 
goethite, rod-like particles of mean dimensions 150 X 25 X 15 nm are 
obtained (Figure 3.3). These particles, anisotropic in shape, form very 
stable concentrated suspensions, which behave as nematic lyotropic 
liquid crystals exhibiting very interesting magnetic properties [22] . The 
nematic phase aligns in a very low magnetic field (20 mT for samples 
20 mm thick). The particles orient along the field direction at intensi- 
ties smaller than 350 mT but reorient perpendicular to the field beyond 
350 mT. This behavior could have interesting applications. 

In similar ranges of acidity, the aluminate gel is transformed into 
platelets of hydroxide Al(OH) 3 , gibbsite at pH < 5, and bayerite at 
pH > 8 [20]. In a rather acidic medium (pH< 1), the same dissolution- 
crystallization mechanism transforms the amorphous titanium oxyhy- 
droxide into elongated Ti0 2 rutile nanoparticles. In these examples, the 
final size of particles depends on the acidity of the medium: the parti- 
cle size increases when the acidity is strong. 




Figure 3.3 Particles of (a) goethite a-Fe(0)(OH), (b) gibbsite Al(OH) 3 , and (c) rutile TiO ; 
synthesized in aqueous medium. 
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If the suspensions are aged at an acidity where the solubility of the 
solid is very low or at a minimum, the concentration of soluble species 
in equilibrium with the solid phase does not allow an efficient transport 
of matter, and crystallization of the early amorphous material will occur 
more easily by a transformation in situ, in the solid state. The trans- 
formation involves the diffusion of ions within the solid with partial 
dehydration, and the formation of crystalline domains of very small 
size. Nanoparticles of hematite, a-Fe 2 0 3 , are so obtained from ferrihy- 
drite at 6 ^ pH < 8 [23]. Very small nanoparticles of boehmite, 
y-Al(0)(0H), (around 300 nr ■ g ') are similarly obtained by aging of 
aluminate gels at the same pH range (6 to 8) [20] . Although boehmite 
is not the most thermodynamically stable phase at room temperature, 
it is probably kinetically stabilized because the system is constrained 
to evolve without heating and transforms on the lowest activation energy 
path. Between pH 2 and pH 7, where the solubility of titania is very low, 
the amorphous solid is transformed into Ti0 2 anatase nanoparticles 
[21], Over this acidity range, the particle size of anatase depends on the 
pH of precipitation and aging. This effect of acidity on particle size will 
be discussed later. 

Precipitation by addition of a base at room temperature may also lead 
to stable crystalline nanoparticles without involving any transformation by 
the above mechanisms. For instance, magnetite Fe 3 0 4 is easily obtained by 
coprecipitating aqueous Fe 3+ and Fe 2+ ions with x = 0.66 [24], Iron ions are 
distributed into the octahedral (Oh) and tetrahedral (Td) sites of the face 
centered cubic (fee) stacking of oxygen according to [(Fe 3+ ) Td (Fe 3+ Fe 2+ ) 0h 0 4 ]. 
Magnetite is characterized by a fast electron hopping between the iron 
cations on the octahedral sublattice. Crystallization of spinel is quasi- 
immediate at room temperature, and electron transfer between Fe 2+ and 
Fe 3+ ions plays a fundamental role in the process [25, 26]. In effect, 
maghemite, y-Fe 2 0 3 , [(Fe 3+ ) Td (Fe 3+ 5 / 3 V 1/3 ) 0h 0 4 ] (where V stands for a 
cationic vacancy) does not form directly in solution by precipitation of 
ferric ions, but a small proportion of Fe 2+ (< 10 mol %) induces the 
crystallization of all the iron into spinel. Studies of the early precipitate 
revealed that all Fe 2+ ions were incorporated into a Fe 2+ -ferrihydrite, 
forming a short-range ordered, mixed valence material exhibiting fast 
electron hopping, as evidenced by Mossbauer spectroscopy [26] . Electron 
mobility brings about local structural rearrangements and drives spinel 
ordering. Besides this topotactic process, crystallization of spinel can also 
proceed by dissolution crystallization, resulting in two families of non- 
stoichiometric spinel particles [(F e I1I ) Td (Fe T 1 T + 2 j./ 3 F eV-zV^ohOJ with very 
different mean size [25]. The relative importance of these two path- 
ways depends on the Fe 2+ level in the system, and the end products of 
the coprecipitation are single phase only for 0.60 < x < 0.66. The com- 
parison with the cases where M“ + is different from Fe 2+ emphasizes the 
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role of electron mobility between Fe" + and Fe 3+ ions in the crystal- 
lization process. With other divalent cations, intervalence transfers 
are negligible and a spinel ferrite forms only by dissolution- 
crystallization [24]. With x = 0.66, corresponding to stoichiometric 
magnetite, the mean particle size is controlled on the range 2—12 nm 
by the conditions of the medium, pH and ionic strength (I), imposed 
by a salt (8.5 < pH < 12 and 0.5 < I < 3 mol • LT 1 ) (Figure 3.4) [27], 
Such an influence of acidity on the particle size is relevant to ther- 
modynamics rather than kinetics (nucleation and growth processes). 
Acidity and ionic strength act on protonation— deprotonation equilib- 
ria of surface hydroxylated groups and, hence, on the electrostatic sur- 
face charge. This leads to a change in the chemical composition of the 
interface, inducing a decrease of the interfacial tension, y, as stated 
by Gibbs’s law, dy = — Tjdp.i, where T^s the density of adsorbed species 
i with chemical potential p^. Finally, the surface contribution, dG = 
ydA (A is the surface area of the system), to the free enthalpy of the 
formation of particles is lowered, allowing the increase in the system 
surface area [28]. 

Due to the high electron mobility in the bulk, magnetite nanoparti- 
cles give rise to an interesting surface chemistry involving interfacial 
transfer of ions and/or electrons and allowing us to consider spinel iron 
oxide nanoparticles as refillable nanobatteries. Nanoparticles of mag- 
netite are very sensitive to oxidation and transform into maghemite 
[(Fe' 1 + ) Td (Fe 5 / 3 V 1 / 3 )oh 04 ]- The high reactivity is obviously due to the 
high surface-to-volume ratio, and a controlled synthesis of particles 
requires strictly anaerobic conditions. However, aerobic oxidation is not 
the only way to go to maghemite. Different interfacial ionic and/or 
electron transfers that depend on the pH of the suspension can be 
involved in the transformation. In basic media, the oxidation of mag- 
netite proceeds by oxygen reduction at the surface of the particles 
(electron transfer only) and coordination of oxide ions, while in acidic 




Figure 3.4 Electron micrographs of magnetite particles synthesized by precipitation in 
water and particle size variation against pH of precipitation [27]. 
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medium and anaerobic conditions [29], surface Fe 2+ ions are desorbed 



as hexa-aquo complexes in solution (electron and ion transfer) accord- 
ing to: 



tion of cations through the lattice framework, creating cationic vacan- 
cies in order to maintain the charge balance (Figure 3.5). The mobility 
of electrons on the octahedral sublattice renews the surface ferrous ions 
allowing the reaction to go to completion. The oxidation in acidic medium 
(pH ~ 2) does not lead to noticeable size variation. 

A very interesting technique for obtaining oxide nanoparticles is 
the thermolysis (or forced hydrolysis) of acidic solutions. Heating of a 
solution to approximately 50— 100°C enables, particularly with triva- 
lent and tetravalent elements (Al, Fe, Cr, Ti, Zr, etc.), a homogeneous 
hydrolysis in conditions close to thermodynamic equilibrium [30]. 
Under such conditions, the slow speed of formation of the hydrolyzed 
precursors allows decoupling of the nucleation and growth steps, from 
a kinetic standpoint. As a result, narrow particle size distributions can 
be obtained. 

Thermolysis at 90-100°C of acidic ferric solutions (pH < 3) forms 
hematite [10, 31]. In these conditions, olation and oxolation compete and 
acidity facilitates oxolation leading to oxide. The acidity and the nature 
of the anions are, however, crucial for the control of the size of particles. 
At low concentration of chloride (C < 10 3 mol • L '), 6 -line ferrihydrite 
forms initially [31, 32], It transforms into hematite during thermolysis, 
but the particle size depends strongly on the acidity of the medium 
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Figure 3.5 Oxidation mechanism of magnetite to maghemite 
in acidic medium [29] . 
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Figure 3.6 Particles of hematite obtained by thermolysis at 95°C of ferric nitrate solutions. 
Influence of the pH of the medium on the mean size of particles [19], 



(Figure 3.6). At high concentration of chloride, akaganeite, (3-Fe(0)(0H), 
is first formed [33]. This metastable phase is slowly transformed into 
hematite during thermolysis, and large (pm-sized) polycrystalline par- 
ticles with various morphologies are obtained depending on the nature 
of anions in the medium [34—36]. 

Thermolysis at 95°C of aluminum nitrate solutions for one week pro- 
duces exclusively boehmite, y-Al(0)(0H), in avoiding the formation of 
hydroxide Al(OH) 3 , which is thermodynamically less stable at this tem- 
perature. The change in the acidity over a large range allows modifica- 
tion of the shape of the nanoparticles. At pH 4—5, heating produces 
fibers or rods around 100 nm in length. The fibers are formed by aggre- 
gation of very small platelets 3 nm thick and 6 nm wide, exhibiting 
(100) lateral faces and (010) basal planes. The particles synthesized at 
pH = 6.5 are pseudohexagonal platelets 10-15 nm wide and 4—5 nm 
thick with (100) and (101) lateral faces, while those synthesized at pH = 
11.5 are diamond-shaped, 10-25 nm wide. The angle of -104° between 
lateral faces corresponds to the angle between the (101) and (10-1) direc- 
tions, suggesting (101) lateral faces (Figure 3.7). On the whole acidity 
range of synthesis, the particles are platelets with the same (010) basal 
faces but with different lateral faces. Such a change in the nature of lat- 
eral faces of particles results from the change in surface energy induced 
by the variation in the electrostatic surface charge density as a function 
of the pH [28]. This is an important feature of boehmite particles, 
because they are the precursor of y-alumina, y-Al 2 0 3 , largely used as a 
catalyst. As the thermal transformation boehmite — > y-alumina is a 
topotactic transformation, which maintains the morphology of particle, 
the control of the shape of boehmite particles enables the development 
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Figure 3.7 TEM micrographs of boehmite nanoparticles synthesized at (a) pH = 
4.5, (b) pH = 6.5, (c) pH = 12. 



of corresponding faces on y-alumina nanoparticles and consequently 
adjustment of their catalytic activity toward a given reaction [20], 

Thermolysis of strongly acidic TiCl 4 solutions enables a very efficient 
structural and morphological control of titanium oxide nanoparticles. After 
heating for one day at 90°C, TiCl 4 in concentrated perchloric acid solutions 
(HC10 4) 1—5 M) forms mixtures containing various proportions of the dif- 
ferent Ti0 2 polymorphs (anatase, brookite, and rutile). After heating for 
one week, the metastable phases, anatase and brookite, disappear through 
transformation into rutile with very different shapes depending on the 
acidity. This can be explained by the amount of metastable material trans- 
formed into rutile by a dissolution-crystallization process: when the 
amount of metastable phases is high, the initial rutile particles are strongly 
fed and their growth leads to elongated rods. It is thus possible to adjust 
the aspect ratio of rutile nanoparticles from around 5:1 to 15:1. 

When TiCl 4 is thermolyzed in concentrated hydrochloric acid (HC1 1-5M), 
brookite nanoplatelets are stabilized and it is possible to obtain them as 
the main product when the stoichiometries of Cl/Ti and H + /Ti are opti- 
mized (Figure 3.8) [37], Brookite is currently obtained in hydrothermal 
conditions at elevated temperature in the form of large particles [38]. 
Nanoparticles of brookite apparently are never obtained except as by- 
products of various reactions [39]. Quasi-quantitative synthesis of brookite 
nanoparticles seems to result from a specific precursor, T1(0H) 2 C1 2 (H 2 0) 2 , 
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containing chloride as ligands in the early complexes formed in solution. 
It has been proposed [37] that chloride ligands orient the early stages of 
condensation in the formation of brookite. As long as chloride ions are pres- 
ent in suspension, brookite nanoparticles remain stable, while if chloride 
ions are replaced by perchloric anions, brookite transformation into rutile 
is complete after several hours at 90°C. 

These examples underscore the versatility of oxide nanoparticle chem- 
istry in an aqueous medium. The main parameter allowing the control 
of nanoparticle morphology (size, crystalline structure) is the acidity of 
the reaction bath. A strict control is consequently critical to obtain well- 
defined nanoparticles. It is however interesting to distinguish two sorts 
of physico-chemical conditions in these syntheses. 

In moderately acidic or basic media, the sign and the density of the elec- 
trostatic surface charge of particles varies as a function of pH due to 
proton adsorption-desorption equilibria. This involves a change in chem- 
ical composition of the surface and therefore a change in surface energy 
of the particle during formation. When the surface charge density is 
high (the pH is far from the surface point of zero charge), the surface 
energy is strongly decreased. As a consequence, the size of nanoparticles 
decreases because the energetic penalty to develop surface is notably 
reduced. A semiquantitative model [28] works well to account for this size 
effect for anatase and magnetite and to explain the change in shape of 




Figure 3.8 HRTEM micrographs of particles of brookite after one month of thermolysis at 
100°C (TiCl 4 0.15 mol dm -3 , HC1 3 mol ■ dm -3 ); inset, the local electron diffraction pattern [37], 
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boehmite nanoparticles. In strongly acidic media used for thermolysis, 
the solubility of the solid is high because the surface is totally protonated 
and the ionic atmosphere near the surface of particles during formation 
is very likely high and constant, so that the surface energy is always low. 
Depending on their structure, some faces can be energetically favored, 
but dissolution-crystallization processes very likely play a role in the 
growth of particles. Other parameters such as thermolysis temperature, 
concentration, and presence of specific ligands have to be taken into 
account in the describing nanoparticle formation. 

Hydrolysis of metallo-organic compounds. Metallo-organic compounds, 
and especially metal alkoxides [40, 41], are largely involved in so-called 
sol-gel chemistry of oxide nanomaterials [42] . Metal alkoxides are also pre- 
cursors of hybrid organic-inorganic materials, because such compounds 
can be used to introduce an organic part inside the mineral component 
[43-45]. 

Sol-gel chemistry mainly involves hydrolysis and condensation reac- 
tions of alkoxides M(OR) z in solution in an alcohol ROH, schematically 
represented as: 

M(OR) z + z H 2 0 -» M(OH) z + z ROH -» MO z/2 + z/2 H 2 0 

These two reactions, hydroxylation and condensation, proceed by nucle- 
ophilic substitution of alkoxy or hydroxy ligands by hydroxylated species 
according to: 

M(OR) z + x HOX ?± [M(OR) z ^ x (OX)J + x ROH 

If X = H, the reaction is a hydroxylation. For X = M, it is a condensa- 
tion (oxolation) and if X represents an organic or inorganic ligand, the 
reaction is a complexation. There is a deep difference with the processes 
in aqueous medium where condensation and complexation are nucle- 
ophilic substitutions while hydroxylation is an acid-base reaction. In 
organic medium, both hydrolysis and condensation follow an associative 
SN 2 mechanism in forming intermediate species in transition states in 
which the coordination number of the metal atom is increased. That 
explains why the reactivity of metal alkoxides toward hydrolysis and con- 
densation is governed by three main parameters: the electrophilic char- 
acter of the metal (its polarizing power), the steric effect of the alkoxy 
ligands, and the molecular structure of the metal alkoxide. 

Generally, the reactivity of alkoxides toward substitutions increases 
when the electronegativity of the metal is low and its size is high. That 
lowers the covalence of the M-0 bond and enhances the reaction rates. 
Silicon alkoxides are weakly reactive in the presence of water (x Si = 1.74) 
while titanium alkoxides (x Ti = 1.32) are very sensitive to moisture. 
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TABLE 3.1 Gelation Time of Silicon Alkoxides as a Function of Alkoxy Groups 
Si(OR) 4 at Several Values of pH in Water and in 4-(Dimethylamino)Pyridine (DMAP) 



Alkoxide 




Gel Time (h) at RT 




pH 7 


pH 1 (HC1, HNO s ) 


pH 9 (NH 3 ) 


DMAP 


Si(OMe) 4 


44 








Si(OEt) 4 


242 


10 


10 


5 min 


Si(OBu) 4 


550 









Alkoxides of low electronegative elements have to be handled with care, 
under dry atmosphere, because traces of water can be enough to provoke 
precipitation. By comparison, alkoxides of very electronegative elements 
such as 0 = P(OEt) 3 (y p = 2.11) are quite inert and do not react with 
water in normal conditions. 

The reactivity of metal alkoxides is also very sensitive to the steric hin- 
drance of the alkoxy groups. It strongly decreases when the size of the 
OR group increases. For instance, the rate constant, k, for hydrolysis of 
Si(OR) 4 at 20°C decreases from 5.1 X 10 2 L • mol 2 s 1 for Si(OMe) 4 to 
0.8 X 10 2 L • mol 2 s 1 for Si(OBu) 4 and the gelation time is increased 
by a factor of 10 (Table 3.1). 

The acidity of the medium also influences the rate of hydrolysis and 
condensation reaction to a great extent as well as the morphology of the 
products. In an excess of water and in acidic medium (pH < 4), the sil- 
icon alkoxides form transparent polymeric gels while in basic medium 
(pH > 8); the condensation is also accelerated relatively to the reaction 
in neutral medium (Table 3.1) and leads to perfectly spherical and 
monodispersed particles of hydrated silica, as exemplified by Stober’s 
method (Figure 3.9) [46]. These variations reflect the acid or basic 
catalysis of the involved reactions. 




(a) (b) 



Figure 3.9 SEM of silica nanoparticles (23 nm in mean size) synthesized following Stober’s 
method from hydrolysis of Si(OEt) 4 in water/ethanol with 5% NH 3 . (b) SEM of Ti0 2 
nanoparticles resulting from hydrolysis of Ti(OEt) 4 with water (pH 7). 
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It is possible to explain the overall structure of the silica polymer by 
considering at an early stage of condensation a branched chain of sili- 
cic tetrahedra containing several types of groups: 
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such a chain being formed by the oxolation reaction: 
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One may consider three different reactive groups: terminal or mono- 
coordinated [A], branched or tricoordinated [B], and middle or di- 
coordinated [C]. Using the Partial Charges Model [10], it is possible to 
estimate the relative partial charges on the sites A, B, and C (Table 3.2). 

In an alkaline medium, catalysis involves the first step of the con- 
densation mechanism — that is, nucleophilic attack by the anionic forms 
(or OH - ). It must take place preferentially on sites with the highest par- 
tial charge — in the middle of the chain (sites B and C), leading to cross- 
linked polymers forming dense particles, in agreement with 
experimental observation. In an acidic medium, catalysis impacts the 
second step of condensation. Elimination of the proton from the alcohol 
bridge in the transition state is eased by the protonation of an OH 
ligand, which favors formation of the leaving group (a quo ligand). The 
OH groups concerned are those located at the ends of chains, which 
bear the highest negative partial charge, or even those of the Si(OH) 4 
monomer. As a result, poorly cross-linked and poorly condensed chains 



TABLE 3.2 Partial Charge Calculated of the Various Sites 
into a Chain of Silica Tetrahedral 



Site 


8 (Si) 


8(OH) 


A 


+0.50 


-0.06 


B 


+0.58 


+0.06 


C 


+0.54 


0 
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are formed. Therefore, the morphology of the particles is heavily depend- 
ent upon the conditions of acidity in which condensation takes place. The 
catalysis of silica condensation may also be affected by nucleophilic acti- 
vation using additives such as 4-dimethylaminopyridine (DMAP, see 
Table 3.1). Particles and polymers may remain dispersed in the medium, 
forming sols, or they can agglomerate and gel more or less rapidly, 
depending on the surface charge density of particles and consequently 
on the pH of the medium. On either side of pH = 2, gelation is faster 
because acid or base catalysis accelerate the condensation rate of Si-OH 
groups between particles. At pH < 2, the surface charge is too small to 
provide efficient repulsion between particles. At pH > 2, base catalysis of 
oxolation has the same effect, which is maximum for pH = 6. For pH > 6, 
the surface charge is high enough for the sol to remain stable. 

The reactivity of metal alkoxides is also deeply influenced by their 
molecular structure and complexity that depends on the steric hin- 
drance of the alkoxo ligands, OR, especially for the transition element 
alkoxides. Due to the fact that the oxidation state, z, is generally smaller 
than the coordination number of the metal, it inhibits coordination of 
the metal in the monomeric M(OR) z species. For instance, this occurs 
in the case of titanium alkoxide Ti(0 1 Pr) 4 , which is a monomer in iso- 
propanol. The coordination of titanium is only four and the reaction with 
water leads to instantaneous precipitation of heterogeneous and amor- 
phous titania particles. With ethoxy ligands, titanium forms oligomeric 
species [Ti(OEt) 4 ] n (n = 3 in benzene, n = 2 in EtOH) in which the tita- 
nium coordination is higher, n = 5 in the trimer, n = 6 in the dimer 
because of the formation of a solvate [T^OEt),^ ■ (EtOH) 2 . Monodispersed 
spherical particles have been synthesized by controlled hydrolysis of a 
diluted solution of Ti(OEt) 4 in EtOH [47]. The monodispersity clearly 
results from slower hydrolysis and condensation reactions with less 
reactive precursors allowing decoupling of the nucleation and growth 
steps. It is however possible to control the reactivity of low coordinated 
titanium in the presence of specific ligands. For instance, hydrolysis at 
60°C of titanium butoxide Ti(OBu) 4 in the presence of acetylacetone 
forms monodispersed 1—5 nm Ti0 2 anatase nanoparticles [48]. A very ele- 
gant design of the shape of anatase nanospheres and nanorods is 
obtained by controlling the rate of hydrolysis of Ti(0 1 Pr) 4 at 80°C in the 
presence of oleic acid. 

In a general way, the rate of reactions and the nature of condensed 
species obtained depend also on the hydrolysis ratio defined as h = H 2 0/M. 

■ Molecular clusters are formed with very low hydrolysis ratios (h < 1). 

The condensation reactions are relatively limited. Hydrolysis of 

[Ti(OEt) 4 ] 2 • 2(EtOH) forms soluble species such as Ti 7 O 4 (OEt) 20 

(h = 0,6), Ti 10 O g (OEt) 24 (h = 0,8) or Ti 16 0 16 (0Et) 32 (h = 1). A variety 
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of such clusters have been isolated and characterized by X-ray dif- 
fraction. They can assemble themselves into nanostructures enabling 
the formation of hybrid organic-inorganic materials [49] . 

■ Addition of water in substoichiometric amounts does not allow the 
substitution of all alkoxo ligands that otherwise leads to oxopoly- 
mers. Such precursors are well designed for obtaining coatings or 
thin films. The residual OR groups can react with surface hydroxyl 
groups of the substrate forming covalent bonds. The films are 
strongly adhesive and the organic residues can be then eliminated 
by thermal treatment. 

■ All alkoxo groups are eliminated in the presence of a large excess of 
water (h >>10), leading to oxide nanoparticles in suspension. Because 
of the high dielectric constant of the medium, the surface hydroxylated 
groups are mainly ionized allowing formation of sols or gels similar 
to those obtained in aqueous solution. 



Nonhydrolytic routes to oxide nanoparticles. Nonhydrolytic sol-gel chem- 
istry has proved to be a promising route to metal oxides, as demon- 
strated by the work of Corriu and Vioux on silica, titania, and alumina 
[50]. It has become a widely explored approach to synthesize metal 
oxide nanoparticles under various conditions [8] . 

In nonaqueous media in the absence of surfactant, one possibility is 
the use of metal halides and alcohols (Nierderberger). This approach is 
based on the general reaction scheme: 

S M-X + ROH -» - M-OH + RX 

= M-OH + = M-X -» = M-O-M = + HX 

It is widely observed that complexation of water to a transition metal 
results in an increase in its Bronsted acidity [9] . Similarly, an increased 
acidity of water upon complexation to main group compounds has been 
inferred from NMR data. The recent isolation of a series of amine sub- 
stituted alcohol complexes [51] has allowed for an estimation of the 
change in the acidity of alcohols upon coordination to a metal. 
Complexation of a protic Lewis base (e.g., ROH, R 2 NH, etc.) results in 
the increase in Bronsted acidity discerned by a decrease in pK a of about 
7 for the a-proton. This activation of the coordinated ligand by increas- 
ing the formal positive charge on the a-substituent is analogous to the 
activation of organic carbonyls toward alkylation and/or reduction by 
aluminum alkyls [52—54], 

While reaction of primary and secondary alcohols with tetrachlorosi- 
lane is the usual method for preparing tetraalkoxysilanes [40] , the same 
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RO-MX3 + HX 



HO-MX3 + RX 



Figure 3 . 1 0 Possible reactions for the alcoholysis of MX 4 . 



reaction with tertiary alcohols and benzylic alcohols form silica and the 
corresponding alkyl halide, RC1. The two modes of reaction involve ini- 
tially the coordination of a lone pair of electrons of an alcoholic oxygen 
atom to the silicon center, followed by the cleavage of either the hydroxyl 
or alkoxyl group (Figure 3.10). Electron-donor substituent groups in the 
alkyl radical direct the process to hydroxylation (pathway b) with the lib- 
eration of RC1) by favoring the nucleophilic attack of chloride on the 
carbon group, due to its increased cationic character. 

Hydroxylated species so formed react with unsolvolyzed compound 
according to: 



= M-OH + X-M = -» = M-O-M = + HX 

Benzyl alcohol seems to be well-designed for synthesis of various oxide 
nanoparticles. Typically, anhydrous metal chloride is introduced in benzyl 
alcohol under vigorous stirring in order to avoid precipitation and then the 
mixture is heated under stirring for days (2 to 20), depending on the metal 
chloride. Nanoparticles of titania (anatase) with size varying from 4 to 8 nm 
are obtained at temperatures from 40 to 150°C with different concentra- 
tions of TiCl 4 [55]. In similar conditions, VOCl 3 forms nanorods (approxi- 
mately 200 X 35 nm) of vanadium oxide and WC1 6 forms platelets 
(approximately 30 to 100 nm, thickness 5 to 10 nm) of tungsten oxide [56]. 

Alkyl halide elimination also occurs between metal chloride and metal 
alkoxide following the reaction: 

s M-Cl + RO-M £ -» £ M-O-M £ + RC1 

Such a reaction between TiX 4 and Ti(OR) 4 in heptadecane in the presence 
or trioctylphosphine oxide (TOPO) at 300°C produces spherical nanopar- 
ticles of Ti0 2 anatase, around 10 nm in diameter [57]. Here, TOPO acts 
as a nonselectively adsorbed surfactant, which slows down the rate of 
reaction, allows the control of particle size, and avoids the formation of 
other Ti0 2 polymorphs (brookite or rutile). In the presence of the mixed 
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Figure 3.11 HRTEM analyses of Ti0 2 anatase nanoparticles and simulated three- 
dimensional shape of (a) a bullet, (b) a diamond, (c) a short rod, (d) a long rod, and (e) a 
branched rod. The long axes of the nanocrystals are parallel to the c-axis of the anatase 
structure, while the nanocrystals are faceted with (101) faces along the short axes. 
Hexagon shapes (the [010] projection of a truncated octagonal bipyramid) truncated with 
two (001) and four (101) faces are observed either at the one end or at the center of the 
nanocrystals. The branched shape is a result of the growth along (101) directions start- 
ing from the hexagon shape. Scale bar = 3 nm [58]. 



surfactant system, TOPO and lauric acid (LA), with increasing ratios 
LA/TOPO, a spectacular control of the shape of Ti0 2 anatase nanorods is 
obtained (Figure 3.11). The specifically strong adsorption of LA onto (001) 
faces slows down the growth along [001] directions, thereby inducing 
growth along [101] directions that results in the formation of rods. 

Another nonhydrolytic synthesis of oxide nanoparticles involves ther- 
mal decomposition of metal organic complexes in solution in the presence 
of surfactant. In fact, since water may be produced by the thermolysis of 
the organic derivatives, a hydrolytic pathway cannot be excluded. One of 
the most studied approaches involves the thermolytic decomposition of an 
inorganic complex at high temperatures. Two approaches include: the 
decomposition of Fe(acac) 3 or FeCl 3 and M(acac) 2 salts [59-61], and the 
decomposition of Fe(CO) 5 and M(acac) 2 salts [62, 63]. 

For simple oxides (e.g., Fe 3 0 4 ) the precursor (e.g., Fe(acac) 3 ) is added 
to a suitable solvent heated to a temperature that allows for the rapid 
decomposition of the precursor. The choice of temperature and the 
temperature control (i.e., variation of the temperature during the reac- 
tion) are important in defining the resulting nanoparticle size and size 
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Figure 3.12 TEM image of 4 nm Fe 3 0 4 nanoparticles prepared from the 
thermal decomposition of Fe(acac) 3 . 



distribution. By this method, highly uniform nanoparticles can be obtained 
(see Figure 3.12). 

In addition to simple metal oxides (M x O y ) a range of mixed metal oxides 
can also be prepared. For example, nanospheres and nanocubes of cobalt 
ferrite can be obtained from cobalt and iron acetylacetonates, Co(acac) 2 
and Fe(acac) 3 in solution in phenylether and hexadecanediol in the pres- 
ence of oleic acid and oleylamine [64]. Heating at 260°C forms CoFe 2 0 4 
spherical nanocrystals with a diameter of 5 nm. These nanocrystals serve 
as seeds for a new growth as the second step of the synthesis, giving per- 
fect nanocubes from 8 to 12 nm, depending on the conditions. Nanocubes 
in the 8 nm range can also be used as seeds to obtain spheres (Figure 3.13). 
The tuning of the shape of ferrite nanocrystals is managed by the param- 
eters of growth, such as heating rate, temperature, reaction time, ratio 
of seed to precursors, and ratio of oleic acid, acting as surfactant stabilizing 
the nanocrystal, to oleylamine providing basic conditions needed for the 
formation of spinel oxide. Variations in the morphology of numerous 
oxide nanocrystals, including nanocrystals of Fe, Co, Mn ferrites, Co 3 0 4 , 
Cr 2 0 3 , MnO, NiO, ZnO, and others, have been obtained by pyrolysis 
of metal carboxylates in the presence of different fatty acids (oleic, 
myristic) [65-67]. 
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(a) (b) (c) 

Figure 3.13 (a) TEM micrographs with the scale bar as 50 nm of cubic CoFe 2 0 4 nanocrys- 
tals. (b) HRTEM micrographs showing a 12-nm cubic CoFe 2 0 4 nanocrystal and (c) an 8-nm 
spherical CoFe 2 0 4 nanocrystal [64], 



Metal carbonyl complexes are also interesting precursors to synthesize 
uniform metal oxide nanoparticles. Thermal decomposition at 100°C of 
iron pentacarbonyl, Fe(CO) 5 , in octyl ether in the presence of oleic acid 
forms iron nanoparticles which are then transformed to monodisperse 
spherical 'y-Fe 2 0 3 nanoparticles by trimethylamine oxide acting as a mild 
oxidant (Figure 3.14) [68]. Particle size can be varied from 4 to 16 nm by 




Figure 3.14 TEM image of (a) a two-dimensional hexagonal assembly of 11 nm y-Fe 2 0 3 
nanocrystallites (from Hyeon 2001) and (b) 8 X 140 nm sized MnO nanorods (from Park 
2004a), (c) 75 ± 20 nm tungsten oxide nanorods [71]. 
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controlling the molar ratio Fe(CO) 5 to oleic acid. Thermal decomposition 
ofFe(CO) 6 in solution containing dodecylamine as a capping ligand and 
under aerobic conditions forms also y-Fe 2 0 3 nanoparticles with diamond, 
sphere, and triangle shapes with similar 12-nm size [69], Uniform-sized 
MnO nanospheres and nanorods are obtained by heating at 300°C the 
mixture of Mn 2 (CO) 10 with oleylamine in trioctylphosphine (TOP) [70]. 
The size of nanospheres can be varied from 5 to 40 nm depending on the 
duration of heating, using phosphines both as solvent and stabilizing 
agent (Figure 3.14). With TOP, 10 nm MnO particles can be obtained. 
If the surfactant complex is rapidly injected into a solution of TOP at 
330°C, nanorods 8 X 140 nm of MnO are produced. In fact, these rods 
are polycrystalline. They are formed by an aggregation of spheres with 
oriented attachment and having a core shell structure with a thin Mn 3 0 4 
shell. Heating of W(CO) 6 at 270°C for 2 hours in trimethylamine oxide 
in the presence of oleylamine forms uniform nanorods of tungsten oxide 
with an X-ray diffraction pattern matching the W lg 0 49 reflections [71]. 
The lengths of the nanorods are controlled by the temperature and the 
amount of oleylamine. 

From minerals to materials 

As discussed earlier, precursor sol-gels are traditionally prepared via the 
hydrolysis of metal compounds. This “bottom-up” approach of reacting 
small inorganic molecules to form oligomeric and polymeric materials is 
a common approach for a wide range of metal and nonmetal oxides. 
However, in the case of aluminum oxide nanoparticles, the relative rate 
of the hydrolysis and condensation reactions often makes particle size 
control difficult. The aluminum-based sol-gels formed during the hydrol- 
ysis of aluminum compounds belong to a general class of compounds: alu- 
moxanes. The term alumoxane is often given to aluminum oxide 
macromolecules formed by the hydrolysis of aluminum compounds or 
salts, A1X 3 where X = R, OR, OSiR 3 , or 0 2 CR; however, it may also be used 
for any species containing an oxo (0 2 ~) bridge binding (at least) two alu- 
minum atoms — that is, Al-O-Al. Alumoxanes were first reported in 1958 
by Andrianov and Zhadanov [72], however, they have since been prepared 
with a wide variety of substituents on aluminum. The structure of alu- 
moxanes was proposed to consist of linear or cyclic chains (Figure 3.15) 
analogous to that of poly-siloxanes [73]. Strictly speaking, the classifica- 
tion of alumoxanes as polymers is slightly misleading since they are not 
polymeric per se, but exist as three-dimensional cage structures [74—76]. 
For example, siloxy-alumoxanes, [ A 1 ( 0 ) ( 0 H ) x (0 S i It 3 ) , x ] „ , consist of an 
aluminum-oxygen nanoparticle ore structure (Figure 3.15c) analogous to 
that found in the mineral boehmite, [Al(0)(OH)] n , with a siloxide substi- 
tuted periphery [77—79]. Based on the knowledge of the boehmite-like 
nanoparticle core structure of hydrolytically stable alumoxanes, it was 
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Figure 3.15 Structural models proposed (a and b) and observed (c) for 
aluminum oxide nanoparticles formed from the hydrolysis of aluminum 
compounds. 



proposed that alumoxanes could be prepared directly from the mineral 
boehmite. Such a “top-down” approach represented a departure from the 
traditional synthetic methodologies. 

Assuming that hydrolytically stable alumoxanes have the boehmite-like 
core structure (Figure 3.15c), it would seem logical that they could be pre- 
pared directly from the mineral boehmite. The type of capping ligand 
used in such a process must be able to abstract and stabilize a small frag- 
ment of the solid-state material. In the siloxy-alumoxanes it was demon- 
strated that the “organic” unit itself contains aluminum, as shown in 
Figure 3. 16a. Thus, in order to prepare the siloxy-alumoxane the “ligand” 
[Al(OH) 2 (OSiRa) 2 ] _ , would be required as a bridging group; adding this 
unit clearly presents a significant synthetic challenge. However, the car- 
boxylate anion, [RC0 2 ] ~, is an isoelectronic and structural analog of the 
organic periphery found in our siloxy-alumoxanes (Figure 3.16). 

Thus, it has been shown that carboxylic acids (RC0 2 H) react with 
boehmite, [Al(0)(0H)] n , to yield the appropriate carboxy-alumoxane: 



H0 2 CR 

[Al(0)(0H)] n > [Al(0) x (0H) y (0 2 CR) z ] n 

Initial syntheses were carried out using the acid as the solvent or xylene 
[80, 81], however, subsequent research demonstrated the use of water as 
a solvent and acetic acid as the most convenient capping agent [82] . A 
solventless synthesis has also been developed [83] . Thus, the synthesis 
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Figure 3.16 Structural relation- 
ship of the capping ligand for 
(a) siloxy and (b) carboxylate alu- 
moxane nanoparticles. 
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Figure 3.17 Pictorial representation of the reaction of boehmite with carboxylic acids. 



of alumoxane nanoparticles may be summarized as involving the reac- 
tion between dirt (boehmite), vinegar (acetic acid), and water. The func- 
tion of the acid is twofold. First, to cleave the mineral lattice and “carve 
out” nanoscale fragment, and second, to provide a chemical cap to the 
fragment (Figure 3.17). 

The carboxylate-alumoxane nanoparticles prepared from the reaction 
of boehmite and carboxylic acids are air and water stable. The soluble 
carboxylate-alumoxanes can be dip-coated, spin-coated, and spray-coated 
onto various substrates. The physical properties of the alumoxanes are 
highly dependent on the identity of the substituents. The size of the 
alumoxane nanoparticles is dependant on the substituents, the reaction 
conditions (concentration, temperature, time, etc.), and the pH of the reac- 
tion solution (Figure 3.18) [84]. Unlike other forms of oxide nanoparticle, 
the alumoxanes are not monodispersed but have a range of particle sizes. 




Figure 3.18 Unimodal analysis plot showing the change in average 
particle size with increasing pH for each of the five carboxylate- 
alumoxanes: acetic acid-alumoxane (□), methoxy(ethoxy)acetic acid- 
alumoxane (o), and methoxy(ethoxyethoxy)acetic acid-alumoxane (■). 



Nanomaterials Fabrication 57 



■ O^\0 

>i:°>A':°>Ak + M ( aca °)n 

x - CT i OH » 

A ! . .'0-, Y ,'OH 

,AL JAL 
^ O I OH 
OH 



- Al(acac) 3 



X. 

\l JXJ AXJ 

>AI, 'rAL ^Ak 

Ck : OH 

y o, i .a. 1 ,iOh 
:ai' ;m' 

^ "0 / I OH 
OH 



Figure 3.1 9 Schematic representation of the exchange reaction 
that occurs between a metal complex and the core of the 
alumoxane nanoparticle. 



Also, unlike other metal oxide nanoparticles, the core of the alumox- 
ane can undergo a low temperature reaction that allows for the incor- 
poration of other metals (e.g., Ti, La, Mo, V, Ca). This occurs by reaction 
of metal acetylacetenoates [M(acac) n ] with the carboxylate alumoxane 
(Figure 3.19) [85-87]. 

The reason for the particular stability and usefulness of carboxylic 
acids in the cleavage of the boehmite structure is due to the particular 
bridging binding mode the carboxylate ligand adopts in aluminum -oxide 
systems [88]. Using a combination of X-ray crystallography and ab initio 
calculations it has been shown that the carboxylate ligand is therefore 
near perfectly suited to bind to the (100) surface of boehmite (A1 ■ ■ ■ A1 = 
3.70 A), and hence stabilize the boehmite-like core in carboxylate alu- 
moxanes (Figure 3.20) [89], 




Figure 3.20 Total energy calculation of a carboxylic acid inter- 
acting with an Al 2 unit as a function of the A1 • • • A1 distance. 
The A1 • • • A1 distances present on the [100] and [211] crystal- 
lographic planes of boehmite are marked. 
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Given the analogous structure of Fe(0)(0H) (lepidocrocite) to boehmite, 
it is not surprising that the iron analog of alumoxane nanoparticles 
(i.e., ferroxanes) is readily prepared. First prepared by Rose et al. [90], 
ferroxanes have been extensively characterized, and have shown iden- 
tical structural features to alumoxanes and undergo similar exchange 
reactions [91]. 

Semiconductor Nanoparticles 
(Quantum Dots and Quantum Rods) 

The synthesis of semiconductors as nanoscale particles yields materials 
with properties of absorbance and fluorescence that differ considerably 
from those of the larger, bulk-scale material. Highly specific bands of 
absorbance or fluorescence arise from the quantum confinement of elec- 
trons that are excited in these materials when exposed to light. These 
materials are therefore of great interest in applications ranging from 
medical imaging to tagging and sensing. 

Solution processes 

The most studied nonoxide semiconductors are cadmium chalcogenides 
(CdE, with E = sulfide, selenide, and telluride). CdE nanocrystals were 
probably the first material used to demonstrate quantum-size effects cor- 
responding to a change in the electronic structure with size — that is, the 
increase of the band gap energy with the decrease in size of particles [4-6, 
92, 93] . These semiconductor nanocrystals are commonly synthesized by 
thermal decomposition of an organometallic precursor dissolved in an 
anhydrous solvent containing a source of chalcogenide and a stabilizing 
material (polymer or capping ligand). Stabilizing molecules bound to the 
surface of particles control their growth and prevent particle aggregation. 

Although cadmium chalcogenides are the most studied semiconduct- 
ing nanoparticles, the methodology for the formation of semiconducting 
nanoparticles was first demonstrated independently for InP and GaAs 
[94, 95]. In both cases it was demonstrated that the reaction of the metal 
halide with the trimethylsilyl— derived phosphine or arsine resulted in 
the formation of the appropriate pnictide and Me 3 SiCl: 

InCl 3 + P(SiMe 3 ) 3 -» InP + 3 Me 3 SiCl 

Although these initial studies were performed as solid-state reactions, car- 
rying them out in high boiling solutions led to the formation of the appro- 
priate nanoparticle materials. The most widely used development of the 
Barron/Wells synthetic method was by Bawendi and colleagues 7 in which 
an alkyl derivative was used in place of the halide. Dimethylcadmium 
Cd(CH 3 ) 2 is used as a cadmium source and bis (trimethylsilyl) sulfide, 
(Me 3 Si) 2 S, trioctylphosphine selenide or telluride (TOPSe, TOPTe) serve as 
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sources of selenide in trioctylphosphine oxide (TOPO) used as solvent 
and capping molecule. The mixture is heated at 230— 260°C. It is best to 
prepare samples over a period of a few hours of steady growth by modu- 
lating the temperature in response to changes in the size distribution as 
estimated from the absorption spectra of aliquots removed at regular 
intervals. Temperature is lowered in response to a spreading of size dis- 
tribution and increased when growth appears to stop. Using this method, 
a series of sizes of CdSe nanocrystals ranging from 1.5 to 11.5 nm in 
diameter can be obtained (Figure 3.21). These particles, capped with 





Wavelength (nm) 

(C) 

Figure 3.21 TEM image of (a) well-dispersed CdSe nanoparticles of around 
3.5 nm in mean diameter (bar: 20 nm); (b) CdSe crystallite 8 nm in size show- 
ing stacking faults in the (002) direction (bar 5 nm); (c) room temperature opti- 
cal absorption spectra of CdSe nanocrystallites dispersed in hexane and ranging 
in size from 1.2 to 11.5 nm [7]. 
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TOP/TOPO molecules, are nonaggregated and easily dispersible in organic 
solvents forming optically clear dispersions. 

When similar syntheses are performed in the presence of surfactant, 
strongly anisotropic nanoparticles are obtained. From Cd(CH 3 ) 2 and 
TOPSe in hot mixture of TOPO and hexylphosphonic acid (HPA) rod- 
shaped CdSe nanoparticles can be obtained [96]. The role of adsorption 
of HPA is clearly demonstrated by the change in shape of nanoparticles 
with the increase in HPA concentration. An increase in the concentra- 
tion of Cd precursor into the reactor also induces a higher aspect ratio 
of nanoparticles exhibiting quasi-perfect wurtzite crystalline structure 
(Figure 3.22). A further slow addition of monomer sustains growth of 
(00-1) faces without additional nucleation giving rods exceeding 100 nm 
in length with an aspect ratio over 30:1. 

The role of HPA seems to be to increase the growth rate of the (00-1) 
faces relative to all other faces. Further support for this argument comes 
from the formation of multipods, especially tetrapods. These are remark- 
able single-crystal particles consisting of a tetrahedral zinc blende core 




(c) (d) 



Figure 3.22 TEMs of CdSe nanoparticles obtained with surfactant to Cd 
ratio of 20% HPA in TOPO. The single-injection volumes increase from 
(a) to (c). Greater injection volume favors rod growth, (d) TEM of a typical 
multiple injection extended rod synthesis. The average length is 34.5 ± 
4.4 nm with an aspect ratio of 10:1 [96], 
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Figure 3.23 Tetrapod-shaped nanocrystals of (a) CdSe and (b) MnS formed by epitaxial 
growth of four wurtzite arms on a tetrahedral zinc blende seed results in tetrapod-shaped 
nanocrystals (c) [96, 97], 



with four wurtzite arms (Figure 3.23). They are formed when a CdSe or 
CdTe nanocrystal nucleates in the zinc blende structure instead of the 
wurtzite structure. The wurtzite arms grow out of the four (111) equiv- 
alent faces of the tetrahedral zinc blende core. A key parameter for 
achieving tetrapod growth is the energy difference between the two 
structural types, which determines the temperature range in which one 
structure is preferred during nucleation and the other during growth. 
For CdS and CdSe, the energy difference is very small and it is difficult 
to isolate controllably the growth of one phase at a time. With CdTe, the 
energy difference is large enough that, even at the elevated tempera- 
tures preferred for wurtzite growth, nucleation can occur selectively in 
the zinc blende structure, the wurtzite growth being favored by using 
higher temperatures in the presence of surfactant. 

Because Cd(CH 3 ) 2 is extremely toxic, pyrophoric, and explosive at 
elevated temperature, other Cd sources have been used. CdO appears 
to be an interesting precursor [98, 99]. The reddish CdO powder dis- 
solves in TOPO and HPAor TDPA (tetradecylphosphonic acid) at about 
300°C giving a colorless homogeneous solution. By introducing selenium 
or tellurium dissolved in TOP, nanocrystals grow at 250°C to the desired 
size. Nanorods of CdSe or CdTe can also be produced by using a greater 
initial concentration of cadmium as compared to reactions for nanopar- 
ticles. The evolution of the particle shape results from a diffusion- 
controlled growth mechanism. The unique structural feature of (00-1) 
facets of the wurtzite structure and the high chemical potential on both 
unique facets makes the growth reaction rate along the c-axis much 
faster than that along any other axis. The limited amount of monomers 
maintained by diffusion is mainly consumed by the quick growth of 
these unique facets. As a result, the diffusion flux goes to the c-axis 
exclusively, which is the long axis of the quantum rods [100]. This 
approach further enables large-scale production of Cd chalcogenide 
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quantum dots and quantum rods with controllability of their size, 
monodispersity, and aspect ratio. This approach has been successfully 
applied for synthesis of numerous other metal chalcogenides, including 
ZnS, ZnSe, and Zn, x Cd x S [101]. CdS nanorods have also been obtained 
from Cd(S 2 CNCH 2 CH 3 ) 2 , an air-stable compound, thermally decomposed 
in hexadecylamine HDA at around 300°C [102]. Various shapes of CdS 
nanocrystals are obtained in changing the growth temperature. Rods are 
formed at elevated temperatures (300°C) and armed rods (bipods, tripods) 
are obtained as the growth temperature is decreased to 180°C. Around 
120°C, tetrapods of four armed rods are dominant. 

A similar procedure, using Mn(S 2 CNCH 2 CH 3 ) 2 , enables formation of 
MnS nanocrystals with various shapes including cubes, spheres, 
monowires, and branched wires (bi-, tri- and tetrapods) [103]. Nanorods 
of diluted magnetic semiconductors, Cd 1 _ x Mn x S, have also been 
obtained by this procedure. Various shapes of PbS nanocrystals have 
similarly been produced from Pb(S 2 CNCH 2 CH 3 ) 2 [104], NiS nanocrys- 
tals, elongated along the 110 direction, were prepared by solventless 
thermal decomposition of a mixture of nickel alkylthiolate and octade- 
canoate. Similarly, Cu 2 S nanorods or nanodisks are obtained by 
solventless thermal decomposition of a copper alkylthiolate precursor 

[105] . Finally, a very interesting design of nano-objects with advanced 
shapes results from oriented attachment of nanoparticles. PbSe 
nanowires of 3.5 to 18 nm in diameter and 10 to 30 mm in length 
(Figure 3.17) are obtained from the reaction between lead oleate with 
TOPSe at 250°C in solution in diphenylether in the presence of TDPA 

[106] . In the presence of hot (250°C) hexadecylamine in diphenylether, 
lead oleate and TOPSe form PbSe nanorings resulting very likely from 
a similarly oriented attachment of nanoparticles (Figure 3.24). 



Nanoparticles from the vapor phase 

The chemical vapor deposition (CVD) of semiconductors from molecu- 
lar precursors has been extensively studied. One class of precursors is 
the so-called single source precursors, those in which all of the desired 
elements are in the same molecule. The use of single-source precursors 
allows for the structure of films grown by CVD to be controlled by the 
structure of the precursor molecule employed [107—109]. Such a process 
requires the precursor structure to remain intact during deposition 
[110]. However, vapor phase molecular cleavage can alter film mor- 
phology as well as influence phase formation. It has been observed 
that a major consequence of precursor decomposition in the vapor phase 
is cluster formation, leading to a rough surface morphology [111]. While 
particulate growth during CVD is often an undesirable component of 
the film deposition process, it is possible to prepare highly uniform 
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Figure 3.24 High-resolution (a) SEM and (b) TEM images of PbSe nanowires grown in solu- 
tion in the presence of oleic acid, (c) high-resolution TEM images of PbSe nanowires 
formed in the presence of oleic acid and ra-tetradecylphosphonic acid. Selected area elec- 
tron diffraction from single nanowires imaged along the (100) and (110) zone axes (insets 
to c). (d, e) TEM image of PbSe nanorings (bar 5 nm) [106], 



well-defined nanoparticles of InSe and GaSe from the vapor phase 
thermolysis of precursor molecules under CVD conditions. 

CVD growth using the cubane precursors [fBu)GaSe] 4 (Figure 3.25a) 
and [(EtMe 2 C)InSe] 4 (Figure 3.25b) carried out on single crystal KBr 




Figure 3.25 The structure of the cubane single source precursors 
to GaSe and InSe nanoparticles [113, 114], 
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substrates in a hot- walled CVD system allows for the formation of spher- 
ical nanoparticles [112]. 

The InSe grown at 290°C from [(EtMe 2 C)InSe] 4 consist of spheres 
(Figure 3.26) with a mean diameter of 88 nm. The electron diffraction 
pattern exhibits well-defined rings, consistent with a polycrystalline 
hexagonal InSe. As with InSe, those grown from [( t Bu)GaSe] 4 at 335°C 
consist of pseudospherical nanoparticles; however, unlike the InSe films, 
these appear as “strings of pearls” which retain their connectivity and 
remain intact after being floated from the growth substrate. From analy- 
sis of the micrograph, the mean GaSe particle diameter is 42 nm. 




Figure 3.26 TEM micrograph of InSe nanoparticles grown from 
[(EtMe 2 C)InSe] 4 at 290°C under vacuum. 
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A similar “strings of pearls” morphology has been observed for the solu- 
tion decomposition of Co 2 (CO) 8 in the presence of soluble organic poly- 
mers [115]. 

The small sizes and pseudospherical geometry of the InSe and GaSe 
particles suggests a vapor phase component is operative during the 
deposition of these metal selenide films. The fragmentation of the pre- 
cursors in the vapor phase may combine to form particles that will remain 
in the vapor phase until their size is such as to “precipitate” out of the gas 
stream. The deposition of particles from the vapor phase due to gravita- 
tional or thermophoretic forces has been studied for SiC [116]. Factors that 
may control the particle size include: precursor concentration, vacuum 
versus atmospheric growth, growth temperature, and the thermal sta- 
bility of the precursor. 

Metallics, Bimetallics, and Alloys 

The most currently synthesized metallic nanoparticles include two cat- 
egories of metals: noble or precious metals (Ag, Au, Pd, Pt), less exten- 
sively Ru and Cu, and ferromagnetic metals (Co, Fe, Ni). Silver, gold, 
and copper are essentially used for their color, yellow to red, due to 
their plasmon resonance located within the visible domain of the elec- 
tromagnetic spectrum. Palladium, platinum, and ruthenium are largely 
used for heterogeneous catalysis. Cobalt, iron, and nickel are interest- 
ing as magnetic nanomaterials for various applications such as infor- 
mation storage in recording devices, ferrofluids, and microwave composite 
materials. 

The two main routes for the synthesis of metallic nanoparticles are the 
reduction of metallic salts in solution, involving a large variety of salts 
and reducing agents, and the decomposition of zerovalent metal com- 
pounds. Whatever the reaction involved, the formation of monosized 
nanoparticles is achieved by a combination of a low concentration of solute 
and a protective layer (polymer, surfactant, or functional groups) adsorbed 
or grafted onto the surfaces. Low concentrations are needed to control the 
nucleation/growth steps, and polymeric layers reduce diffusion causing 
diffusion to be the rate-limiting step of nuclei growth, resulting in uni- 
formly sized nanoparticles. The protective layer also limits or avoids irre- 
versible aggregation of nanoparticles. 



Reduction mechanism 

The basic reaction involved in the production of metallic nanoparticles 
is the reduction of metal cations in solution: 



M z+ + Red -» M° + Ox 
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TABLE 3.3 Guidelines for the Choice of Reducing Agents and Reaction Conditions 
in the Precipitation of Metal Particles [117] 



Metal species 


E°(V) 


Reducing Agent 


Conditions 


Rate 


Au 3+ , Au + , Pt 4+ , 
Pt 2+ , Pd 2+ 


IV 

p 

<1 


organic acids, 
alcohols, polyols 


>70°C 


Slow 


Ag + , Rh 3+ , Hg 2+ , Ir 3+ 




aldehydes, sugars 
hydrazine, H 2 S0 3 
NaBH 4 , boranes, 


<50°C 

Ambient 

Ambient 


Moderate 

Fast 

Very fast 


Cu 2+ , Re 3+ , Ru 3+ 


0.7 and >0 


polyols 

aldehydes, sugars 
hydrazine, hydrogen 
NaBH 4 


> 120°C 
70-100°C 
< 70°C 
Ambient 


Slow 

Slow 

Moderate 

Fast 


Cd 2+ , Co 2+ , Ni 2+ , Fe 2+ 


< 0 and a 
-0.5 


polyols 


>180°C 


Slow 


In 3+ , Sn 2+ , Mo 3+ , W 6+ 




hydrazine 
NaBH 4 , boranes 
hydrated e _ , radicals 


70-100°C 

Ambient 

Ambient 


Slow 

Fast 

Very fast 


Cr 3+ , Mn 2+ , Ta 5+ , V 2+ 


< 0.6 


NaBH 4 , boranes 
hydrated e _ , radicals 


T, P > ambient 
Ambient 


Slow 

Fast 



The driving force of the reaction is the difference, AE°, between the stan- 
dard redox potentials of the two redox couples implicated, E(M Z+ /M°) and 
E(Ox/Red). The value of AE° determines the composition of the system 
through the equilibrium constant K given by: 

In K = nF AE7RT 

The reaction is thermodynamically possible if AE° is positive, but prac- 
tically, its value must be at least 0.3 to 0.4, otherwise the reaction pro- 
ceeds too slowly to be useful. Thus, highly electropositive metals (Ag, Au, 
Pt, Pd, Ru, Rh) with standard potentials E°(Mn + /M°) > 0.7 V react with 
mild reducing agents while more electronegative metals (Co, Fe, Ni) 
with E°(Mn + /M°) < —0.2 V need strongly reducing agents and have to 
be manipulated with care because the metallic nanoparticles are very 
sensitive to oxidation. Some widely used reactions are listed in Table 3.3. 
Complexation of cations in solution plays an important role on their 
reducibility and, as the stability of complexes increases, reduction is 
more difficult (Table 3.4). 



TABLE 3.4 Influence of Silver Ion Complexation on the Redox Potential 



Couple 


logK 


E°(V) 


Ag + + e-> Ag° 


- 


+0.80 


Ag(NH 3 ) J + e -> Ag° + 2 NH 3 


-7.2 


+0.38 


Ag(S 2 0 3 ) 2 + e — > Ag + 2 S 2 0 3 


-13.4 


+0.01 


Ag(CN) 3 2 - + e -+ Ag° + 3 CN 3 “ 


-22.2 


-0.51 
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A very large majority of redox systems in aqueous media is also 
strongly dependent on pH because the nature of the metal complex in 
solution is highly dependent on the acidity of the medium. Consequently, 
the control of metal complex chemistry in solution by complexation 
and/or by adjusting pH allows control of the reactivity of the species in 
a given metal-reducing agent system. It is also important to note that 
reduction can be performed in aqueous or nonaqueous media. However, 
synthesis in a nonaqueous medium presents serious difficulties because 
the metallic salts are generally very weakly soluble. Organometallic 
compounds can be used with suitable reducing agents, which are sol- 
uble in a specific medium. In some cases, the solvent can play a mul- 
tiple role — for instance, primary alcohols (methanol, ethanol), which act 
as both solvent and reducing agent in the synthesis of Au, Pd, 
Pt nanoparticles, and polyols (e.g., glycerol, diethyleneglycol) can play 
a triple role as solvent, reducing agent, and stabilizer in the prepara- 
tion of a lot of metallic nanoparticles, including noble metals and tran- 
sition metals. 

Whatever the reaction involved, the formation of particles occurs, as 
for other systems (oxides, chalcogenides), in two steps: nucleation and 
growth. Since the metal atoms are highly insoluble, as soon as they are 
generated they aggregate by a stepwise addition, forming clusters and 
then nuclei when they reach a critical size. This step is favored by a 
high supersaturation of metal atoms, and consequently by a high rate 
of reduction or decomposition of precursor species in solution. The 
growth of nuclei proceeds at first by stepwise addition of new metal 
atoms formed in solution, leading to primary particles. Particle growth 
may continue by further addition of metal atoms controlled by diffusion 
toward the surface, by incorporation onto the surface, or by coalescence 
of primary particles and formation of larger secondary ones. In order to 
avoid coalescence and limit the growth and also to form stable disper- 
sions of nanoparticles, protective agents are introduced into the reac- 
tion medium, allowing, as already indicated before, formation of a 
surface layer limiting the diffusion and growth, and also the nanopar- 
ticle aggregation. 



Nanoparticles of noble or precious metals 

Gold and silver nanoparticles have been synthesized and studied 
extensively for a long time. Colloidal gold, as described in 1857 by 
M. Faraday [118], is probably the first monodispersed system ever 
reported in the literature (apart from carbon black used for Egyptian 
ink, already known in the time of the Pharaohs!). Reduction of chloroau- 
ric acid, HAuC 1 4 , in aqueous solution by citrate at 100°C forms spher- 
ical nanoparticles. Their mean diameter increases from around 10 to 
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20 nm when the concentration of chloroauric acid decreases [119]. 
Here, citrate acts as a reducing agent and also as a stabilizer. Organic 
ligands, with a group such as phosphine, having a strong affinity for 
metal are often used to stabilize metallic nanoparticles. For gold, thiol 
derivatives are strong stabilizers and the reduction of Au(III) ions by 
citrate or borohydride in the presence of a thiol ligand gives uniform 
Au nanoparticles, the Au/thiol ratio controlling the mean size of the 
nanoparticles [120], Silver nanoparticles are similarly obtained by 
reduction of silver nitrate by ferrous citrate in an aqueous medium, 
their stabilization in solution resulting from silver citrate adsorption 
[121], Very uniform silver nanoparticles have also been obtained by 
reduction in nonaqueous media [122]. Aqueous AgN0 3 was vigorously 
mixed with chloroform containing tetra n-octylammonium bromide, 
[(C 8 H 17 ) 4 N]Br, acting as a catalyst for phase transfer. 1-nonanethiol 
was first added to the gray organic phase collected followed by an aque- 
ous solution of sodium borohydride (NaBH 4 ). A stable dispersion of 
nearly spherical 1-nonanethiol— capped silver nanoparticles in chloro- 
form was obtained. The evaporation of the solvent onto a carbon-coated 
microscope grid forms a 2D hexagonal superlattice of nanoparticles 
(Figure 3.27). 

Gold and silver nanoparticles are also obtained by various methods 
such as y-radiolytic reduction [123] or photochemical reduction [124], 
always in the presence of various protective agents. Gold and silver 
nanoparticles obtained in this fashion are generally spherical. However, 
the shape of nanoparticles can be varied and controlled using different 
methods. Gold truncated tetrahedra, octahedra, icosahedra, and cubes 




3.0 3.5 4.0 4.5 5.0 5.0 
Diameter (nm) 



Figure 3.27 (a) TEM image of a two-dimensional silver nanoparticle superlattice and 
(inset) the histogram of the nanoparticles, (b) TEM image of the selected area in 
(a) [122], 
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Figure 3.28 (a) TEM image of truncated tetrahedral gold nanocrystals, (b) SEM images 
of several partially developed gold tetrahedra. (d) SEM image of icosahedral gold nanopar- 
ticles. (d and e) Gold nanocubes dispersed on a TEM grid and a silicon substrate [125]. 



have been obtained by the polyol process (Figure 3.28) [125]. Chloroauric 
acid and polyvinyl pyrolidone (PVP) are introduced in boiling ethylene 
glycol (EG). EG serves as both solvent and reducing agent, PVP stabilizes 
the particles and also, in conjunction with the concentration of the gold 
precursor, controls their shape. A low concentration of silver ions in the 
medium orients the process toward the formation of gold nanocubes. 

Another interesting seeding growth method has been used to produce 
nanorods [126], The basic principle for the shape-controlled synthesis 
involves two steps: first, the preparation of spherical gold nanoparticles 
of around 3,5 nm in diameter (seeds), by reduction at RT of HAuC 1 4 by 
NaBH 4 in the presence of citrate [citrate serves only as a capping or pro- 
tective agent because it cannot, at room temperature, reduce Au(III)]; 
second, growth of the seeds in rod-like micellar environments acting as 
templates [127], The growth solution contains HAuC 1 4 , CTAB (cetyl- 
trimethylammonium bromide), and ascorbic acid to which the seed solution 
is added. Ascorbic acid is a mild reducing agent, which cannot reduce the 
gold salt in the presence of micelles without the presence of seeds. Gold 
nanorods are so obtained with various aspect ratios (Figure 3.29). The 
aspect ratio is controlled by varying the ratio of metal salt to seed, if some 
Ag + ions are present [128]. Silver ions are not reduced under these exper- 
imental conditions, and their role in controlling the shape of gold nanorods 
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Figure 3.29 (a) TEM images of 4.6 aspect ratio gold nanorods, (b) shape-separated 

13 aspect ratio gold nanorods, and (c) shape-separated 18 aspect ratio gold nanorods [126]. 



is not yet completely understood. Replacement of citrate by CTAB in the 
seed formation step and the use of a binary surfactant mixture improve 
the procedure in terms of selectivity in particle shape and amount of gold 
nanorods [129]. A similar procedure with silver nitrate allows the forma- 
tion of silver nanorods and nanowires [130]. More generally, templating 
syntheses involving surfactants have been used to control the morphology 
of various metallic materials [127], 

Silver nanowires were also obtained by an intriguing sono-assisted 
self-reduction template process [131]. A solution of a suitable precur- 
sor, the adduct Ag(hexafluoro-acetylacetone)-tetraglyme (tetraglyme = 
2,5,8,11,14-pentaoxadecane) in ethanol/water 1:1 is loaded into the 
pores of an anodic aluminum oxide membrane consisting of ordered 
hole arrays of 200 nm in diameter and 60 p,m in thickness, which is 
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Figure 3.30 SEM images of free-standing Ag nanowires at low (a) and high (b) magnifi- 
cation [131]. 



used as a noninteracting template (Figure 3.30). The Ag self-reduction 
process is activated by sonication for 2 hours at 45°C. This process does 
not require any reducing agent and directly forms crystalline silver 
nanowires. They are recovered by dissolving the templating mem- 
brane in NaOH solution at RT. The nanowire dimensions are deter- 
mined by the pore dimensions and thickness of the membrane. 

Nanoparticles of ferromagnetic 
3D transition metals (Co, Fe) 

The strategy used for the synthesis of 3D transition metals nanoparti- 
cles is analogous to that involved for precious metals, but with harder 
conditions because the redox potential of 3D transition metal elements 
is much lower. The strategy involves either injecting a strong reducing 
agent into a hot nonaqueous solution of a metal precursor containing 
surfactants, or injecting a thermally unstable zerovalent metal precur- 
sor into a hot solution containing stabilizers. Adjusting the temperature 
and the metal precursor to surfactant ratio controls the nanoparticle 
size. Higher temperatures and larger metal precursor to surfactant 
ratios produce bigger nanoparticles. Surfactants not only stabilize the 
nanoparticles in dispersion but also prevent or limit their oxidation 
[132]. The following illustrative examples show the variety of methods 
developed. 

Reduction of cobalt salts by polyalcohols (polyols) at temperatures 
between 100°C and 300°C in the presence of stabilizers produce Co 
nanoparticles with diameters of 2-20 nm [132, 133]. In a typical synthesis, 
cobalt acetate and oleic acid are heated at 200°C in diphenylether in the 
presence of trioctylphosphine (TOP). Reduction is started by addition of 
1,2-dodecanediol solubilized in hot and dry diphenylether and heating at 
250°C for 15-20 minutes. With a Co to oleic acid molar ratio of 1 and Co 
to TOP molar ratio of 2, 6-8 nm crystalline (hep) Co particles are obtained. 
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Increasing the concentration of oleic acid and TOP by a factor of 2 yields 
smaller, 3-6 nm nanoparticles [132], 

Reduction by superhydride LiBEt 3 H of anhydrous cobalt chloride at 
200°C in solution in dioctylether in the presence of oleic acid and 
alkylphosphine yields Co nanoparticles with a complex e crystalline 
structure ((3-Mn). The average particle size is coarsely controlled by 
the type of phosphine. Bulky P(C 8 H 17 ) 3 limits the growth and produces 
2-6 nm particles, while less bulky P(C 4 H 9 ) 3 leads to larger (7-11 nm) par- 
ticles [134]. The combination of oleic acid and trialkylphosphine produce 
a tight ligand shell, which allows the particles to grow steadily while pro- 
tecting them from aggregation and oxidation. In effect, trialkylphosphine 
reversibly coordinates the metal surface, slowing but not stopping the 
growth. Oleic acid used alone is an excellent stabilizing agent, but it 
binds so tightly to the surface during synthesis that it impedes particle 
growth. 

Reduction by dihydrogen of the organometallic compound, 
Co(p 3 -C 8 H 13 )(p 4 -C 8 H 12 ) in THF in the presence of polyvinyl pyrolidone 
(PVP) forms very small Co nanoparticles with fee crystalline structure, 
around 1 nm and 1.5 nm depending on the temperature, 0 and 20°C, 
respectively [135]. The decomposition at 150°C under H 2 of the same 
organometallic precursor, but in anisole and in the presence of oleic 
acid and oleylamine (1:1 Co/oleic acid and Co/amine molar ratios) 
produces initially (3 hours of reaction) spherical 3 nm Co nanoparticles. 
After 48 hours, nanorods 9 X 40 nm are obtained [136]. The role of sur- 
factants is very important in controlling the shape of particles. 
Increasing the concentration by a factor of 2 of oleic acid produces very 
long (micron range) nanowires of 4 nm in diameter, whereas the nature 
of the amine changes drastically the dimensions of nanorods having an 
aspect ratio varying between 1.7 and 22. The combination of lauric acid 
and hexadecylamine produces monodisperse 5 X 85 nm nanorods form- 
ing spontaneously 2D crystalline superlattices [137]. 

Cobalt nanoparticles have also been obtained from micellar media. 
Reverse micelles are water droplets dispersed in oil and stabilized by a 
surfactant monolayer, typically sodium bis-(2-ethylhexyl)sulfosuccinate 
[Na(AOT)]. The size of the micelles depends on the amount of solubilized 
water and varies from 0.5 to 1.8 nm. In the liquid, collisions between 
droplets induce exchange between water pools [138]. By mixing two 
micellar solutions, one containing Co(OAT) 2 and the other one NaBH 4 , 
well-crystallized fee Co nanoparticles are formed with a mean size around 
6.4 nm. Extraction of nanoparticles with TOP forms a protective layer 
against aggregation and oxidation. 

Pyrolysis around 180°C of cobalt carbonyl Co 2 (CO) 8 dissolved in anhy- 
drous o-dichlorobenzene containing surfactant (mixtures of oleic acid, 
lauric acid and TOP) produces monodisperse e-Co nanoparticles ranging 
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Figure 3.31 (a) Spherical Co nanocrystals synthesized in the presence of both oleic acid 

and TOPO and (b) Co nanodisks synthesized in the presence of amine. The disks are 
stacked in columns because of magnetic interactions. Bars are 100 nm [139], 



in size from 3—17 nm. The particle size is tuned by the reaction temper- 
ature and the composition of surfactant [138]. In the presence of linear 
amines, hcp-Co nanodisks are formed, coexisting with e-Co nanospheres 
(Figure 3.31) [139]. The length and diameter of the disks are controlled 
by variation of the reaction time following nucleation as well as by vari- 
ation of the precursor to amine surfactant ratio. It has been observed that 
the length of the linear amine carbon chain controls the dimensions of 
Co disks (lower disks are obtained with shorter chains) whereas tri- 
substituted amines R 3 N hinder the formation of disks. This suggests the 
R-NH 2 function is responsible for disk formation by selective adsorp- 
tion, and steric interactions among neighboring adsorbed molecules may 
have an impact on the growth rate of the (001) faces. 

It is difficult to synthesize iron nanoparticles by the polyol process 
because in the conditions of the process, Fe(0) results from dispropor- 
tionation of Fe(II) whereas Co(II) and Ni(II) are quantitatively reduced 
[140], Other methods to synthesize iron nanoparticles have been used. 
For instance, reduction of FeCl 2 in THF by V(C 5 H 5 ) 2 in the presence of 
PVP forms PVP stabilized a-Fe nanoparticles 18 nm in mean size. 
Sono lysis of Fe(CO) 5 in solution in anisol in the presence of poly 
(dimethylphenylene oxide) (PPO) yields nonagglomerated spherical Fe 
nanoparticles with a mean size of around 3 nm. Interestingly, the smaller 
particles (< 2.5 nm) have the bcc structure of a-Fe and are superpara- 
magnetic, whereas the larger ones (s 2.5 nm) adopt the fee structure of 
y-Fe and are antiferromagnetic or paramagnetic. These y-Fe nanopar- 
ticles could result from thermal gradients and very high local tempera- 
tures during sonication with rapid quenching avoiding recrystallization, 
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Figure 3.32 (a) TEM micrograph of 2D assembly of iron nanocubes and (b) SEM of 3D 

superlattice of nanocubes [141]. 



or from the presence of interstitial carbon inside the particles that would 
stabilize the y-Fe phase. 

Very beautiful iron nanocubes were obtained from the decomposition 
of the organometallic compound Fe[N(SiMe 3 ) 2 ]2 (Figure 3.32) [141]. 
Heating at 150°C under dihydrogen pressure for 48 hours the solution 
of complex in mesitylene in the presence of hexadecylamine and oleic 
acid forms a black precipitate containing monodisperse 7 nm bcc-Fe 
nanocubes. These nanocubes are included in bigger cubes forming 
extended 3D superlattices. 

Thermal decomposition of Fe(CO) 5 in TOPO at 340°C under an Ar 
atmosphere produces spherical 2 nm Fe nanoparticles easily dispersible 
in pyridine [142], These nanoparticles can be further transformed to 
nanorods. Fe(CO) 5 solubilized in POP is added to a hot suspension 
(320°C) in TOPO of spherical 2 nm Fe nanoparticles. This operation 
yields a black solid, which is washed with acetone to remove the 
surfactant and then dispersed in pyridine containing didodecyl- 
methylammonium (DDAB). After refluxing for 12 hours, the super- 
natant contains 2 X 11 nm bcc-Fe nanorods (a-Fe). An increase in the 
concentration of DDAB increases the aspect ratio of rods. While diam- 
eter remains close to 2 nm, the length may be increased up to 22 nm. 
Such a transformation of nanospheres to nanorods seems to be caused 
by aggregation and by the strong binding of DDAB on the growing 
aggregates. After the aggregation of two particles, the third one will be 
bound on the top instead the central part of the aggregate where DDAB 
is strongly bounded. Then, further aggregation generates a unidimen- 
sional nanostructure. 
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Bimetallics and alloys 

Bimetallic nanoparticles, composed of two different metals, are of inter- 
est in the improvement of catalytic properties [143] and in development 
of magnetic properties [144], For instance, the ordered alloys Co-Pt and 
Fe-Pt are particularly interesting for magnetic recording because of 
their very high magnetocrystalline anisotropy, making these materials 
especially useful for practical applications such as magnetic memory 
devices as well as in biomedicine. The synthesis of bimetallics is 
generally made by coreduction of metal salts. Coreduction is the most 
simple preparative method and it is very similar to that used for 
monometallic nanoparticles. Successive reduction, carried out to prepare 
core-shell structured nanoparticles, is of little importance and will not be 
discussed here. 

Au-Pt bimetallic nanoparticles have been obtained by citrate reduc- 
tion of the mixture of tetrachloroauric acid, HAuC 1 4 , and hexachloro- 
platinic acid, H 2 PtCl 6 . The UV-Vis absorption spectra of the citrate 
stabilized sol of nanoparticles is not the simple sum of those of the two 
monometallic nanoparticles, indicating that the bimetallic particles 
have an alloy structure, as confirmed by X-ray diffraction and X-ray 
absorption spectroscopy [120]. A similar method produces citrate- 
stabilized Pd-Pt nanoparticles. Polymer-stabilized Pd-Pt nanoparticles 
have been prepared by simultaneous reduction of palladium chloride 
PdCl 2 and hexachloroplatinic acid by refluxing the alcohol/water (1:1 v/v) 
mixed solution in the presence of PVP at about 90°C for 1 hour [143]. 
Similarly, PVP-stabilized Pd-Rh nanoparticles were obtained by reduc- 
tion in alcohol. 

The polyol process [133] appears to be an efficient way to synthesize 
bi- or polymetallic nanoparticles of 3D metals, when heterogeneous nucle- 
ation controls the size of ferromagnetic nanoparticles. The addition of 
small amounts of a platinum or silver salt, which reduces at a lower tem- 
perature than 3D elements, forms nuclei for the growth of cobalt, nickel, 
or iron. Polymetallic spherical particles of the alloys Co x Ni (100 _ x) can be 
synthesized by precipitation from cobalt and nickel acetate dissolved in 
1,2-propanediol with an optimized amount of sodium hydroxide. The 
number of nuclei depends on the relative amount of platinum, allowing 
the control of the particle size of Co x Ni (100 _ x) alloys over a very large 
range, from micrometric to nanometric [140]. The sodium hydroxide 
allows the precipitation of metal as hydroxides or alkoxides before the 
reduction. Their slow dissolution takes place at lower temperatures 
than the reduction, and this step likely controls the growth of metallic 
particles in solution. In controlling the basicity of the medium of the Pt 
or Ru seed-mediated polyol process, Co g0 Ni 20 nanoparticles with sur- 
prising anisotropic shapes can be obtained [145, 146], These particles 
are hep crystallized when x > 30 (for x < 30, the particles very rich in 
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(c) (d) 



Figure 3.33 Particles Co S oNi. 2 n obtained by polyol process with molar ratio HO/(Co + Ni) = 
1.25 (a, b), 1.8 (c) and 2.5 (d) [146], 



nickel are fee structured and always isotropic in shape). At low hydrox- 
ide concentrations (molar ratio [HO ]/[Co + Ni] < 2), growth is favored 
along the c-axis, forming nanowires 8 nm in diameter and 100—500 nm 
in length with cone-shaped ends (Figure 3.33). Theses wires appear 
linked to a core, forming a sea-urchin-like shape (Figure 3.33b). With 
molar ratios [HO ]/[Co + Ni] > 2, the growth occurs preferentially per- 
pendicular to the c-axis resulting in rods that are 20—25 nm in diame- 
ter and 75—100 nm in length. The particular shape of the ends of 
nanowires seen in Figure 3.33b probably results from a lower growth 
rate at the end of the reaction, when the Co(II) and Ni(II) concentration 
fall (as the result of their reduction) and when the molar ratio [HO - ]/ 
[Co + Ni] is increased. If it is assumed that the shape of wires is 
controlled by the growth rate, the head, formed at the end of the reac- 
tion, grows under conditions of low supersaturation inducing growth 
perpendicular to the c-axis. The polyol process has also be used to form 
Fe-Pt nanoparticles from the acetylacetonates Fe(acac) 3 and Pt(acac) 2 in 
ethylene glycol [146, 147], 

A strong reducing agent such as hydrazine N 2 H 4 has been used to reduce 
metal salts and to form Fe-Pt nanoparticles in water at low temperature. 
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H 2 PtCl 6 and FeCl 2 together with hydrazine and a surfactant such as 
sodium dodecyl sulfate (SDS) or CTAB, are mixed in water. Heating at 
70°C allows reduction and forms fcc-structured Fe-Pt nanoparticles 
[148]. Reduction of FeCl 2 and Pt(acac) 2 mixtures in diphenylether by 
superhydride, LiBEt 3 H, in the presence of oleic acid, oleylamine, and 
1,2-hexadecanediol at 200°C has led to 4 nm Fe-Pt nanoparticles [59]. 
The initial molar ratio of the metal precursor allows control of the com- 
position of the final particles more easily than in the polyol process. 
However, a major drawback of using borohydride is the contamination 
of the final product by boron. 

Another process used to produce Fe-Pt nanoparticles is the thermal 
decomposition of Fe(CO) 5 and reduction of Pt(acac) 2 by 1,2-alkanediol 
[59]. The mixture is heated to reflux (297°C). Oleic acid and oleylamine 
are used for surface passivation and stabilization of particles. The com- 
position of particles is controlled by the Fe/Pt ratio and fine-tuning of 
particle size between 2 and 5 nm is achieved by controlling the surfac- 
tant to metal ratio. Alternatively, to make larger Fe-Pt nanoparticles, 
a seed-mediated growth method has been used [59]. 

Carbon Based Nanomaterials 

Although nanomaterials had been known for many years prior to the dis- 
covery of C 60 , the field of nanoscale science was really founded upon this 
seminal discovery and that of subsequent carbon nanomaterials. Part of 
the reason for this explosion in nanochemistry is that the carbon mate- 
rials range from well-defined nano-sized molecules (i.e., C 60 ) to tubes with 
lengths in hundreds of microns range. Despite this range of scale, carbon 
nanomaterials have common reaction chemistry: that of the field of 
organic chemistry. This provides them with almost infinite functionality. 
A further advantage is that since every C 60 molecule is like every other 
one, ignoring 1 2 C and 13 C isotope effects, C 60 provides a unique monodis- 
persed prototype nanostructure assembly with particle size of 0.7 nm. In 
no other nanomaterial system is there the ability to prepare true monodis- 
persed material. 

The previously unknown allotrope of carbon, C 60 , was discovered in 
1985 [1], and in 1996, Curl, Kroto, and Smalley were awarded the Nobel 
Prize in Chemistry for this discovery. The other allotropes of carbon are 
graphite (sp 2 ) and diamond (sp 3 ). C 60 , commonly known as the “bucky- 
ball” or buckminsterfullerene, has a spherical shape comprising of highly 
pyramidalized sp 2 carbon atoms. The C 60 variant is often compared to 
the typical white and black soccer ball, hence buckyball, however, this 
is also used for higher derivatives. Fullerenes are similar in structure 
to graphite, which is composed of a sheet of linked hexagonal rings, but 
they contain pentagonal (or sometimes heptagonal) rings that prevent 
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the sheet from being planar. The unusual structure of C 6 o led to the intro- 
duction of a new class of molecules known as fullerenes, which now con- 
stitute the third allotrope of carbon. Fullerenes are commonly defined 
as “any of a class of closed hollow aromatic carbon compounds that are 
made up of twelve pentagonal and differing numbers of hexagonal faces.” 
The number of carbon atoms in a fullerene range from C 60 to C 70 , C 76 , 
and higher. Higher order fullerenes include carbon nanotubes that can 
be described as fullerenes that have been stretched along a rotational 
axis to form a tube. Given the differences in the chemistry and size of 
fullerenes such as C 6 o and C 70 as compared to nanotubes, these will be 
dealt with separately. However, it should be appreciated that they are 
all part of the fullerene allotrope of carbon. In addition there have also 
been reports of nanohorns [149] and nanofibers [150]. Nanohorns are 
single-walled carbon cones that can be filled with biological material or 
metal oxides. 

Fullerenes and carbon nanotubes are not necessarily products of high- 
tech laboratories; they are commonly formed in such mundane places 
as ordinary flames, produced by burning hydrocarbons [151, 152], and 
they have been found in soot from both indoor and outdoor air [153]. 
However, these naturally occurring varieties can be highly irregular in 
size and quality because the environment in which they are produced 
is often highly uncontrolled. Thus, although they can be used in some 
applications, they can lack in the high degree of uniformity necessary 
to meet many needs of both research and industry. 

Fullerenes 

The vast majority of studies have involved the chemistry of C 60 (IUPAC 
name = (C 60 -Ih)[5,6]fullerene) and given its now commercial synthesis 
this is the most common fullerene studied. The spherical shape of C 60 
is constructed from twelve pentagons and twenty hexagons, has I h sym- 
metry, and resembles a soccer ball (Figure 3.34a). 




Figure 3.34 Molecular structures of (a) C 60 and (b) C 70 - 
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The next stable homologue is C 70 (Figure 3.34b), which has D 5h sym- 
metry with a shape similar to a rugby ball or American football. This 
is followed by C 74 , C 76 , C 78 , and so on, in which an additional six mem- 
bered rings are added. Mathematically and chemically, to make a 
stable fullerene, one has to follow two principles: Euler’s theorem and 
the isolated pentagon rule (IPR). Euler’s theorem states that for the 
closure of each spherical network, n (n > 2) hexagons and 12 pen- 
tagons are required, while the IPR says no two pentagons may be con- 
nected directly with each other, as destabilization is caused by two 
adjacent pentagons. 

Fullerenes are composed of sp 2 carbons in a similar manner to 
graphite, but unlike graphite’s extended solid structure, fullerenes are 
spherical and soluble in various common organic solvents. Due to 
their hydrophobic nature, fullerenes are most soluble in CS 2 (C 60 = 
7.9 mg • mL _1 ) and toluene (C 60 = 2.8 mg • mL _1 ), an important 
requirement for chemical transformation. Although fullerenes have a 
conjugated system, their spherical aromacity is distinctive from ben- 
zene due to the closed shell structure. In contrast to benzene, which 
has all C-C bonds in equal length, fullerenes such as C 6 o have two dis- 
tinct classes of bonds. As determined experimentally, the shorter 
bonds at the junctions of two hexagons ([6, 6] bonds) and the longer 
bonds at the junctions of a hexagon and a pentagon ([5,6] bonds); see 
Figure 3.35. The alternation in bond length shows that the double 
bonds are located at the junction of hexagons, while there is almost 
no double bond character in the pentagon rings in the lowest energy 
state. As expected from the I h symmetry of C 6 o, there is by symmetry 
only one carbon type, which can be confirmed by 13 C NMR spec- 
troscopy. In agreement with its D 5h symmetry, C 70 has five 13 C signals 
in the ratio of 1:2:1:2:1. 

Fullerenes represent a unique category of cage molecules with a wide 
range of sizes, shapes, and molecular weights. Most of the effort thus 
far has gone into the study of C 6 o fullerenes, which can now be prepared 
to a purity of parts per thousand. Because of the unique icosahedral 
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symmetry of C 60 , these molecules provide prototype systems for spec- 
troscopy, optics, and other basic science investigations. 

Synthesis of fullerenes. The first observation of fullerenes was in molec- 
ular beam experiments, where discrete peaks were observed correspon- 
ding to molecules with the exact mass of 60 or 70 or more carbon atoms. 
In 1985, Harold Kroto (of the University of Sussex), James R. Heath, 
Sean O’Brien, Robert Curl, and Richard Smalley (from Rice University) 
published their observations along with the proposed structure for C 6 o 
[1]. Subsequent studies demonstrated that C 6 o was in fact ubiquitous in 
carbon combustion, and by 1991 it was relatively easy to produce grams 
of fullerene powder. Although the synthesis is relatively straightfor- 
ward, fullerene purification remains a challenge to chemists and deter- 
mines fullerene prices to a large extent. 

The first method of production of fullerenes used laser vaporization of 
carbon in an inert atmosphere, but this produced microscopic amounts of 
fullerenes. In 1990, a new type of apparatus was developed by Kratschmer 
and Huffman in which carbon rods were vaporized in a helium atmosphere 
(approximately 100 Torr) (Figure 3.36) [154]. The subsequent black soot 
is collected and the fullerenes in the soot are then extracted by solvation 
in toluene. Pure C 60 is obtained by liquid chromatography. The mixture 
is dissolved in toluene and pumped through a column of activated char- 
coal mixed with silica gel. The magenta C 6 o comes off first, followed by the 
red C 70 . 

Although many mechanisms have been described, only the “pentagon 
road” appears to explain high yields of C 6 o- In this proposed mechanism, 




Figure 3.36 Schematic representation of the fullerene synthesis apparatus developed by 
Kratschmer and Huffman. 
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the yield is high because clustering continues in a hot enough region 
to permit the growing clusters to anneal to the minimum energy path: 
one where the graphene sheet (a) is made up solely of pentagons and 
hexagons, (b) has as many pentagons as possible, while (c) avoiding 
structures where two pentagons are adjacent. If the pentagon rule 
structures really are the lowest energy forms for any open carbon net- 
work, then one can readily imagine that high-yield synthesis of C 6 o 
may be possible. In principal, all one needs to do is adjust the condi- 
tions of the carbon cluster growth such that each open cluster has 
ample time to anneal into its favored pentagon rule structure before it 
grows further. 

In the Kratschmer-Huffman (KH) experiment [154], carbon radi- 
cals are produced by the slow evaporation of the surface of a resistively 
heated carbon rod. After the KH method was introduced, it was found 
at Rice University that a simple AC or DC arc would produce C 60 
and the other fullerenes in good yield as well, and this is now the 
method used commercially [155]. Even though the mechanism of a 
carbon arc differs from that of a resistively heated carbon rod (because 
it involves a plasma) the He pressure for optimum C 60 formation is very 
similar. Thus, it is not so much the vaporization method that matters, 
but rather the conditions prevailing while the carbon vapor condenses. 
Adjusting the helium gas pressure, the rate of migration of the carbon 
vapor away from the hot graphite rod is controlled and thereby the 
carbon radical density in the region where clusters in the size range 
near C 6 o are formed. 

A ratio between the mass of fullerenes and the total mass of carbon 
soot defines fullerene yield. The yields determined by UV-Vis absorp- 
tion are approximately 40 percent, 10—15 percent, and 15 percent in 
laser, electric arc, and solar processes. Productivity of a production 
process can be defined as a product between fullerene yield and flow 
rate of carbon soot. Interestingly, laser ablation technique has both 
the highest yield and low productivity and, therefore, a scale-up to a 
higher power is costly. Thus, fullerene commercial production is a 
challenging task. The world’s first computer controlled fullerene pro- 
duction plant is now operational at the MER Corporation, which pio- 
neered the first commercial production of fullerene and fullerene 
products. 

Despite the commercialization of C 60 , interest in the “rational” synthesis 
has continued. Scott and coworkers have reported a 12-step synthesis of 
C 60 [156], Despite the low overall yield the important step is that C 60 is 
the only fullerene produced. A molecular polycyclic aromatic precursor 
bearing chlorine substituents at key positions forms C 60 when subjected 
to flash vacuum pyrolysis at 1100°C (Figure 3.37). 
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Figure 3.37 Rational synthesis of C 60 showing the proposed C • • ■ C connectivity. 



Endohedral fullerenes. Endohedral fullerenes are fullerenes that have 
incorporated in their inner sphere atoms, ions, or clusters. Endohedral 
fullerenes are generally divided into two groups: endohedral metallo- 
fullerenes and nonmetal doped fullerenes. The first endohedral met- 
allofullerenes were synthesized in 1985, called La@C 60 . The @ sign in 
the name reflects the notion of a small molecule trapped inside a shell. 

Doping fullerenes with electropositive metals takes place in situ 
during the fullerene synthesis in an arc reactor or via laser evaporation. 
A wide range of metals have been successfully encased inside a fullerene, 
including Sc, Y, La, Ce, Ba, Sr, K, U, Zr, and Hf. Unfortunately, the syn- 
thesis of endohedral metallofullerenes is unspecific because in addition 
to unfilled fullerenes, compounds with different cage sizes such as 
La@C 60 or La@C 82 are prepared. In addition, the synthesis of Sc 3 N@C 80 
in 1989 demonstrated that a molecular fragment could be encapsulated 
within a fullerene cage. 

Endohedral metallofullerenes are characterized by the fact that elec- 
trons will transfer from the metal atom to the fullerene cage and that 
the metal atom takes a position off-center in the cage. The size of the 
charge transfer is not always simple to determine. In most cases it is 
between 2 and 3 charge units (e.g., La 2 @C 80 ) or as large as 6 electrons 
(e.g., Sc 3 N@C 80 ). These anionic fullerene cages are very stable molecules 
and do not have the reactivity associated with ordinary empty fullerenes. 
For example, the Prato reaction yields only the monoadduct and not 
multiadducts as with empty fullerenes (see the following section). This 
lack of reactivity is utilized in a method to purify endohedral metallo- 
fullerences from empty fullerenes [157]. 
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Saunders reported the existence of the endohedral He@C 6 o and 
Ne@C 6 o that form when C 60 is exposed to a pressure of around 3 bars 
of the appropriate noble gases [158]. Under these conditions it was 
possible to dope one out of every 650,000 C 60 cages with a helium 
atom. Endohedral complexes with He, Ne, Ar, Kr, and Xe as well as 
numerous adducts of the He@C 6 o compound have also been proven 
[159] with operating pressures of 3000 bars and incorporation of up 
to 0.1 percent of the noble gases. While the isolation of single atoms 
of the noble gases is not unexpected, the isolation of N@C 60 , N@C 70 , 
and P@C 60 is very unusual. Unlike the metal derivatives, no charge 
transfer of the pnictide atom in the center to the carbon atoms of the 
cage takes place. 

Chemically functionalized fullerenes. Although fullerene has a conju- 
gated aromatic system, its reactivity is very different from planar 
aromatics, as all fullerene carbons are quaternary, containing no hydro- 
gen, which renders characteristic substitution reactions of planar 
aromatics impossible. Therefore, only two types of primary chemical 
transformations exist: redox reactions and addition reactions. Among 
those two, addition reactions have the largest synthetic value in 
fullerene chemistry as they can also function as a screening probe for 
the chemical properties of fullerene surfaces. Another remarkable fea- 
ture of fullerene addition chemistry is its thermodynamics. The sp 2 
carbon atoms in a fullerene are pyramidalized. This dramatic variation 
from planarity draws great strain energy, especially in C 60 fullerene. The 
strain energy is ca 8 kcal ■ mol \ which is about 80 percent of its heat 
of formation. So the relief of strain energy to fullerene cage resulting 
from a moderate number of addends bound to the fullerene surface is 
the major driving force for addition reactions as reactions leading to 
sp ri hybridized C atoms strongly relieve the local strain of pyramidal- 
ization, as shown in Figure 3.38. As a consequence, most additions to C 60 
and C 70 are exothermic reactions; however, this energy decreases as 
number of addends increase. 

Another important feature for fullerene carbons is its rehybridization 
of the sp“ u and the p tt orbitals corresponding to the derivation from 
planarity. Calculations have shown that average hybridization at carbon 




Figure 3.38 Strain release after 
addition of addend A to a pyra- 
midalized carbon of C 60 . 
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in C 6 o is sp 2,278 and a fractional s character of 0.085, which results in the 
i t orbitals extending further beyond the outer surface than into the inte- 
rior of fullerene. This analysis implies that fullerenes, especially C 6 o, are 
fairly electronegative molecules as well as having the low lying tt* 
orbital with considerable s character. Indeed, the reactivity of fullerene 
can be considered as a fairly localized, but electron deficient, polyolefin 
void of substitution reaction. This trend in terms of electrophilicity 
allows for the ready chemical reduction and nucleophilic addition to 
fullerenes. 

Theoretical calculations show that the LUMO (t lu symmetry) and 
LUMO + 1 (t lg symmetry) of C 60 molecular orbitals exhibit a relatively 
low lying energy and are triply degenerated. So C 60 was predicted to 
be a fairly electronegative molecule that can be reduced up to hexan- 
ion. Cyclic voltammetry (CV) studies show that C 60 can be reduced and 
oxidized reversibly up to 6 electrons with one-electron transfer 
processes. Indeed, reduction reactions were the first chemical trans- 
formation carried out to C 60 . Fulleride anions can be generated by 
electrochemical method and then be used to synthesize covalent 
organofullerene derivatives by quenching the anions with elec- 
trophiles. Alkali metals can chemically reduce fullerene in solution and 
solid state. It is with the alkali metal doped K 3 C 6 that superconduc- 
tivity was first found in fullerene materials. Alkaline earth metals 
can also be intercalated with C 60 by direct reaction of C 60 with alka- 
line earth metal vapor to form M x C 6 o (x = 3 — 6), which possess super- 
conductivity as well. Besides, C60 can also be reduced by less 
ectropositive metals such as mercury to form C 6 o and C| 0 • In addition, 
fulleride salts can also be synthesized with organic molecules to form 
fullerene based charge transfer (CT) complexes. The well-known exam- 
ple of this type is [TDAE + ][C 60 ], which possesses remarkable elec- 
tronic and magnetic behavior. 

As stated above, geometric and electronic analysis predicted that 
fullerene behaves like an electro-poor conjugated polyolefin. Indeed, C 60 
and C 70 undergo various nucleophilic reactions with carbon, nitrogen, 
phosphorous, and oxygen nucleophiles. C 60 reacts readily with organo- 
lithium and Grignard compounds to form alkyl, phenyl, or alkanyl 
fullerenes. However, one of the most widely used nucleophilic additions 
to fullerene is the Bingel reaction (Figure 3.39), where a carbon nucle- 
ophile was generated by deprotonation of a-halo malonate esters or 
ketones and added to form a clean cyclopropanation of C 60 with a 30 ~ 60 
percent yield. Later, it was found that the a-halo esters and ketones can 
be generated in situ with I 2 or CBr 4 and a weak base as 1,8- 
diazabicyclo[5.4.0]undec-7ene (DBU). This further simplified the reac- 
tion procedures. The Bingel reaction is considered one of the most versatile 



Nanomaterials Fabrication 85 




Figure 3.39 Bingel reaction of C 60 with 2-bromoethylmalonate. 



and efficient methods to functionalize C 60 . Hundreds of fullerene deriva- 
tives have been made this way. 

Cycloaddition is another powerful tool to functionalize fullerenes. The 
great advantage of cycloaddition reaction is that the reaction generally 
occurs at the 6,6 bonds, which limits the possible isomers (Figure 3.40). 

The dienophilic feature of the [6,6] double bonds of C 60 enables the 
molecule to undergo various Diels- Alder reactions — that is a [4 + 2] 
cycloaddition reaction. Another important feature of cycloaddition is 
that monoadducts can be generated in high yields and purified by flash- 
chromatography on Si0 2 . However, the best studied cycloaddition reac- 
tions of fullerene are [3+2] additions with diazoderivatives (Figure 3.41) 
and azomethine ylides (Prato reactions). In this reaction, azomethine 
ylides can be generated in situ from condensation of a-amino acids with 
aldehydes or ketones, which produce 1,3 dipoles to further react with 
C 60 in good yields (40-60 percent) (Figure 3.39). Hundreds of useful 
building blocks have been generated by those two methods. Interestingly, 
the Prato reactions have also been successfully applied to carbon nan- 
otube and carbon onions to yield highly soluble carbon nanotube 
derivatives. 






(e) 



Figure 3.40 Geometrical shapes built onto a [6,6] ring junction: (a) open, (b) three- 
membered ring, (c) four-membered ring, (d) five-membered ring, and (e) six-membered ring. 
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Figure 3.41 Prato reaction of C 60 with N-methy glycine and paraformaldehyde. 



Successful reactions for producing fullerenes have also involved the use 
ofGrignard reagents [160, 161], organolithiums [162], and other nucle- 
ophiles. Current research includes the derivatization of the fullerene 
cage for the addition of amino acids [163] or pharmaceuticals for bio- 
logical applications [164], 

The oxidation of fullerenes, such as C 60 , has been of increasing inter- 
est with regard to applications in photoelectric devices, biological sys- 
tems, and possible remediation of fullerenes [165]. It has also been 
shown that C 60 O will undergo a thermal polymerization [166, 167], in 
an analogous manner to that of organic epoxides. The oxidation of C 60 
to C 60 O n (n = 1, 2) may be accomplished by a range of methods, includ- 
ing photooxidation, ozonolysis, and epoxidation. With each of these 
methods, there is a limit to the isolable oxygenated product, C 60 O n with 
n < 3. The only exception involves passing C 60 through a corona dis- 
charge ionizer in the presence of oxygen, which allows for the detection 
of species formulated as [C 60 O n ]~ (n < 30); however, the products were 
only observed in the MS [168]. Highly oxygenated fullerenes, C^oOn 
with 3 ^ n < 9, have been prepared by the Lewis base enhanced cat- 
alytic oxidation of C 60 with ReMe0 3 /H 2 0 2 (Figure 3.42) [169]. 

Carbon nanotubes 

Another key breakthrough in carbon nanochemistry came in 1993, when 
Iijima and Ichihashi reported the synthesis and observation of needle- 
like tubes made exclusively of carbon[3]. This material became known 
as carbon nanotubes (NTs). There are two types of nanotubes. The first 
that was discovered were multiwalled nanotubes (MWNTs) resembling 
many pipes nested within each other. Shortly after MWNTs were dis- 
covered, single-walled nanotubes (SWNTs) were observed. Single-walled 
tubes resemble a single pipe that is potentially capped at each end. The 
properties of single-walled and multiwalled tubes are generally the 
same. Though single-walled tubes are believed to have superior mechan- 
ical strength and thermal and electrical conductivity; it is also more dif- 
ficult to manufacture them. 
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Figure 3.42 MALDI-TOF-MS for C 60 O n products from the oxidation of C 60 by MT0/H 2 0 2 
in the presence of 4-bromopyrazole. 



Single-walled carbon nanotubes are by definition fullerene-based 
materials. Their structure consists of a graphene sheet rolled into a tube 
and capped by half a fullerene (Figure 3.43). The carbon atoms in a SWNT, 
like those in a fullerene, are sp 2 hybridized. They form a hexagonal ring 




Figure 3.43 Structure of single-walled carbon nanotubes (SWNTs) with 
(a) armchair, (b) zigzag, and (c) chirality. 
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network that resembles a graphene sheet. The structure of a nanotube 
is analogous to taking this graphene sheet and rolling it into a seam- 
less cylinder. The critical differentiation parameters of individual carbon 
nanotubes are their diameter and chirality. Most of the presently used 
single-wall carbon nanotubes have been synthesized by a pulsed laser 
vaporization method, pioneered by the Smalley group at Rice University. 
Their result represented a major breakthrough in the field. 

The physical properties of SWNTs have made them an extremely 
attractive material for the manufacturing of nano-devices. SWNTs 
have been shown to be stronger than steel as estimates for the Young’s 
modulus approaches 1 Tpa [170]. Their electrical conductance is com- 
parable to copper with anticipated current densities of up to 1 0 1 ' 1 A • cm 2 
and a resistivity as low as 0.34 X 10 4 fl • cm at room temperatures. 
Finally, they have a high thermal conductivity (3000-6000 W • m • KT 1 ) 
[171-173]. 

The properties of a particular SWNT structure are based on its chi- 
rality. If a tube were unrolled into a graphene sheet, vectors (ma 2 and 
naj could be drawn starting from a carbon atom that intersects the tube 
axis (Figure 3.44). Then the armchair line is drawn. This line separates 
the hexagons into equal halves. Point B is a carbon atom that intersects 
the tube axis closest to the armchair line. The resultant vector of a, and 
a 2 is R and is termed the chiral vector. The wrapping angle (c|>) is formed 
between R and the armchair line. If cj> = 0°, the tube is an armchair nan- 
otube; if 4> = 30°, it is a zigzag tube. If 4> is between 0° and 30°, the tube 
is called a chiral tube. The values of n and m determine the chirality or 




Figure 3.44 Chirality diagrams of a single-walled carbon nanotube. 
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Figure 3.45 SEM image of vapor-grown carbon nanofibers. 



“twist” of the nanotube. The chirality in turn affects the conductance of 
the nanotube, its density, its lattice structure, and other properties. A 
SWNT is considered metallic if the value n-m is divisible by three. For 
example, an armchair tube is metallic in character. Otherwise, the nan- 
otube is semiconducting [174], Environment also has an effect on the 
conductance of a tube. Due to its highly delocalized it electrons, it is pos- 
sible for a nanotube to accept electrons from or donate electrons to its 
environment [175, 176]. Molecules such as 0 2 and NH 3 can change the 
overall conductance of a tube. 

Multiwalled carbon nanotubes (MWNTs) range from double-walled 
NTs to carbon nanofibers. Carbon nanofibers are the extreme of multi- 
walled tubes (Figure 3.45). They are thicker and longer than either 
SWNTs or MWNTs, having a cross-sectional area of approximately 500 A z 
and are between 10 to 100 p,m in length. They have been used exten- 
sively in the construction of high-strength composites [177]. 

Synthesis of single-walled carbon nanotubes. A range of methodologies 
have been developed to produce nanotubes in sizeable quantities, includ- 
ing arc discharge, laser ablation, high-pressure carbon monoxide (HiPco), 
and vapor-liquid-solid (VLS) growth. It is worth noting that the latter is 
often referred to as chemical vapor deposition (CVD), however, this is not 
strictly correct. All of these processes take place in a vacuum or at low 
pressure with process gases, although VLS growth can take place at 
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atmospheric pressure. Large quantities of nanotubes can be synthesized 
by these methods; advances in catalysis and continuous growth processes 
are making SWNTs more commercially viable. 

Nanotubes were first observed in 1991 in the carbon soot of graphite 
electrodes during an arc discharge that was intended to produce 
fullerenes. Because of the high temperatures caused by the discharge in 
this process, the carbon contained in the negative electrode sublimed. The 
fullerenes appear in the soot that is formed, while the CNTs are deposited 
on the opposing electrode. Tubes produced by this method were initially 
multiwalled tubes (MWNTs). However, in 1993 Bethune et al. reported 
that with the addition of cobalt to the vaporized carbon, it was possible 
to grow single-walled nanotubes [178]. This plasma-based process is 
analogous to the more familiar electroplating process in a liquid medium. 
This method produces a mixture of components and requires further 
purification to separate the CNTs from the soot and the residual catalytic 
metals. Producing CNTs in high yield depends on the uniformity of the 
plasma arc and the temperature of the deposit forming on the carbon 
electrode. 

Higher yield and purity of SWNTs may be prepared by the use of a 
dual-pulsed laser. In 1995, Guo et al. reported that SWNTs could be 
grown through direct vaporization of a Co/Ni doped graphite rod with 
a high-powered laser in a tube furnace operating at 1200°C [179, 180]. 
By this method, it was possible to grow SWNTs in a 50 percent yield 
without the formation of an amorphous carbon overcoating. Samples are 
prepared by laser vaporization of graphite rods with a catalyst of cobalt 
and nickel (50:50) at 1200°C in flowing argon, followed by heat treatment 
in a vacuum at 1000°C to remove the C 60 and other fullerenes. The ini- 
tial laser vaporization pulse is followed by a second pulse, to vaporize 
the target more uniformly and minimize the amount of soot deposits. The 
second laser pulse breaks up the larger particle ablated by the first 
pulse (that would result in soot formation) and feeds the products to the 
growing SWNT structure. The material produced by this method 
appears as a mat of “ropes,” 10—20 nm in diameter and up to 100 |xm or 
more in length. Each rope consists of a bundle of SWNTs, aligned along 
a common axis. By varying the growth temperature, the catalyst com- 
position, and other process parameters, the average nanotube diame- 
ter and size distribution can be varied. 

Although arc-discharge and laser vaporization are currently the prin- 
cipal methods for obtaining small quantities of high-quality SWNTs, 
both methods suffer from drawbacks. The first is that they involve evap- 
orating the carbon source, making scale-up on an industrial level diffi- 
cult and energetically expensive. The second issue relates to the fact that 
vaporization methods grow SWNTs in highly tangled forms, mixed with 
unwanted forms of carbon and/or metal species. The SWNTs thus produced 



Nanomaterials Fabrication 91 



are difficult to purify, manipulate, and assemble for building nanotube- 
device architectures for practical applications. 

To overcome some of the difficulties of these high-energy processes, 
Smalley and coworkers developed a chemical catalysis method. In 1998 
Smalley and coworkers reported the use of hydrocarbons as a carbon 
feedstock for single-walled tube growth [181]. Here molybdenum and 
iron/ molybdenum catalysts were heated in a tube furnace to 850°C 
under 1.2 atm of ethylene. Previous reports utilizing a gas-phase growth 
reaction had produced multiwalled tubes or single-walled tubes in very 
low yield [182, 183]. The use of CO as a feedstock led to the development 
by Smalley and coworkers of the high-pressure carbon monoxide (HiPco) 
procedure [184]. By this method, it was possible to produce gram 
quantities of SWNTs. The process involves injecting Fe(CO) 5 into a gas- 
phase reactor operating between 800-1200°C and 1-10 atm carbon 
monoxide. The HiPco method was better than previously reported gas- 
phase growth methods because it did not use a hydrocarbon as a feed- 
stock. The key to the HiPco process is the formation of metal catalyst 
particles in the vapor phase, and it is thought that these are responsi- 
ble for the SWNT growth, based upon an analogy with the growth by a 
catalyst on substrate. 

The growth of SWNTs from chemical processes was first reported in 
1992, and can be likened to the vapor-liquid-solid (VLS) growth of SiC 
wiskers [185, 186], During VLS growth a preformed catalyst particle 
(most commonly nickel, cobalt, iron, or a combination thereof) is placed 
on a substrate. The diameters of the nanotubes that are to be grown has 
been proposed to be related to the size of the metal particles; however, 
recent work has shown that this is not necessarily true [187], 

VLS growth apparatuses are usually constructed of a tube furnace that 
is set up so gases can flow through the tube while it is being heated to 
high temperatures. As with other growth systems, multiwalled tubes 
were the first type of tubes grown [188]. In 1999, Dai and coworkers 
reported the large-scale VLS growth of SWNTs using iron-impregnated 
silicon nanoparticles and methane [189]. Methane was chosen as the 
feedstock because of its high thermal stability and its ability to retard 
the formation of amorphous carbon in the reactor. Since these reports, 
a wide range of precursors have been used for the catalyzed VLS growth 
of SWNTs. Recent approaches have involved the use of well-defined 
nanoparticle or molecular precursors [187, 190]. Many different tran- 
sition metals have been employed, but iron, nickel, and cobalt remain 
the focus of most research. SWNTs grow at the sites of the metal cata- 
lyst; the carbon-containing gas is broken apart at the surface of the 
catalyst particle, and the carbon is transported to the edges of the par- 
ticle, where it forms the SWNTs. The catalyst particles generally stay 
at the tip of the growing SWNT during the growth process, although in 
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Figure 3.46 Schematic representation of supported catalyst 
SWNT growth in which the SWNT grows parallel to the 
surface (a) or out from the surface (b). 



some cases they remain at the SWNT base, depending on the adhesion 
between the catalyst particle and the substrate. 

The length of the SWNTs grown in surface-supported catalyst VLS sys- 
tems appears to be dependent on the orientation of the growing tube with 
the surface. Within particular catalyst samples there are often two 
classes of tubes grown: short, straight SWNTs and long, curved ones. It 
has been proposed that the straight SWNTs are a result of growth along 
the surface (Figure 3.46a) while the longer SWNTs are formed by growth 
out of the plane of the surface (Figure 3.46b). The growth rate of the 
former will be limited due to SWNT/surface interactions, while the later 
has unrestricted growth away from the surface [187]. Once the reaction 
run is complete (and the gas flow is removed) the SWNTs grown out of 
the surface will fall over. In the absence of additional factors, the rate of 
SWNT growth parallel to the surface is controlled by the frictional forces 
between the SWNT and the surface. By properly adjusting the surface 
concentration and aggregation of the catalyst particles, it is possible to 
synthesize vertically aligned carbon nanotubes — that is, as a carpet per- 
pendicular to the substrate (Figure 3.47). 

Of the various means for nanotube synthesis, the chemical processes 
show the most promise for industrial scale deposition in terms of its 
price/unit ratio. There are additional advantages to the VLS growth of 
SWNTs. Unlike the above methods, VLS is capable of growing SWNTs 
directly on a desired substrate, whereas the SWNTs must be collected 
in the other growth techniques. The growth sites are controllable by 
careful deposition of the catalyst. Additionally, no other growth meth- 
ods have been developed to produce vertically aligned SWNTs. 



Chemical functionalization of carbon nanotubes. The limitation on using 
carbon nanotubes in any practical applications has been their solubil- 
ity; SWNTs have little to no solubility in most solvent due to the aggre- 
gation of the tubes. Aggregation is a result of the highly polarizable, 
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Figure 3.47 SEM image of a “carpet” of SWNTs grown perpendicular to the 
surface of the support. 



smooth sides of the SWNTs forming bundles or ropes with a van der 
Waals binding energy of approximately 500 eV per p,m of tube contact 
[191]. The van der Waals force between the tubes is so great that it takes 
tremendous energy to pry them apart. The insolubility of nanotubes 
makes it very difficult to make combinations of nanotubes with other 
materials, such as in composite applications. The functionalization of 
nanotubes — that is, the attachment of “chemical functional groups” — 
provides a strategy for overcoming those barriers. Functionalization can 
improve solubility and processibility, and will be able to link the unique 
properties of nanotubes to those of other materials. Through the chem- 
ical functional groups, nanotubes might take the interaction with other 
entities, such as solvents, polymer, nanoparticles, and other nanotubes. 
In functionalization of SWNTs, a distinction should be made between 
covalent and noncovalent functionalization. Covalent functionalization 
shows covalent linkage of functional groups onto the surface of nan- 
otubes, either the sidewall or the cap of nanotubes. It is important to 
note that covalent functionalization methods have one problem in 
common: extensive covalent functionalization modifies SWNT proper- 
ties by disrupting the continuous n — system of SWNTs. 

Current methods for solubilizing nanotubes without covalent function- 
alization include highly aromatic solvents, super acids [192], DNA [193], 
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Figure 3.48 Representation of the reaction between Na/Hg amalgam, dibenzo- 
18-crown-6, and purified SWNTs in toluene and the formation of the [Na(dibenzo- 
18-crown-6)] n [SWNT] complex. 



polymers [194], or surfactants [195, 196]. These methods allow the sidewall 
of the nanotube to remain untouched, and conserve the tube’s electronic 
structure. However, upon drying of the solution, bundles re-form. SWNTs 
may be made soluble in a range of organic solvents without sidewall 
functionalization via their reduction by Na/Hg amalgam in the presence 
of dibenzo-18-crown-6 (Figure 3.48) [197]. The [Na(dibenzo-18-crown-6)] n 
[SWNT] complex shows solubility in CH 2 C1 2 and DMF being comparable 
to surfactant-dispersed SWNTs; however, measurable solubilities are also 
observed in hexane, toluene, and alcohols. 

Anoncovalent functionalization is mainly based on supramolecu- 
lar interaction using various adsorption forces, such as van der 
Waals and TT-stacking interactions. Covalent functionalization relies 
on the chemical reaction at either the sidewall or end of the SWNT. 
The high aspect ratio of nanotubes, sidewall functionalization is 
much more important than the functionalization of the cap. Direct 
covalent sidewall functionalization is associated with a change of 
hybridization from sp 2 to sp 3 and a simultaneous loss of conjugation 
[198], Defect functionalization takes advantage of chemical trans- 
formations of defect sites already present. Defect sites can be the 
open ends and holes in the sidewalls, and pentagon and heptagon 
irregularities in the hexagon graphene framework. All these func- 
tionalizations are exohedral derivatizations. Taking the hollow struc- 
ture of nanotubes into consideration, endohedral functionalization 
of SWNTs is possible — that is, filling the tubes with atoms or small 
molecules [198-200]. 

Different application of nanotubes requires varied, specified modifi- 
cation to achieve processibility and accessibility of nanotubes. Thus, 
the covalent functionalization can provide a higher degree of fine-tuning 
the chemistry and physics of SWNTs than noncovalent functionalization. 
Until now, a variety of methods have been used to achieve the func- 
tionalization of nanotubes (Figure 3.49). 
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Figure 3.49 Schematic description of various covalent functionalization 
strategies for SWNTs. 



Functionalization of SWNTs using 1,3 dipolar addition of azome- 
thine ylides, a method originally developed for modification of C 60 [201], 
Substituted pyrrolidine moieties were successfully introduced onto the 
surface of SWNTs. The functionalized SWNTs are soluble in most 
common organic solvents. The azomethine ylide functionalization 
method was also used for the purification of SWNTs. In 2001, under an 
electrochemical condition, a series of aryl diazonium salts were used to 
react with SWNTs to achieve functionalized SWNTs. Subsequently, 
SWNTs were functionalized by the diazonium ions in situ generated 
from the corresponding aniline [202, 203]. A solvent-free reaction 
appears to be the best chance for large-scale application of this method 
[204], Here, single-walled nanotubes are reacted with a para- 
substituted aniline and isoamyl nitrate. This forms a diazonium salt 
in situ that reacts with the tube’s sidewall. It is possible to control the 
amount of functionalization on the tube by varying reaction times and 
the amount of aniline used. It has been reported that this method leads 
to high functionalization (1 group per every 10—25 carbon atoms or 
8-12 percent). 

Billups and coworkers have reported organic functionalization 
through the use of alkyl halides on tubes treated with lithium in liquid 
ammonia [205]. The reaction occurs through a radical pathway. In this 
reaction, functionalization occurs on every 17 carbons. Most success 
has been found when the tubes are dodecylated. These tubes are solu- 
ble in chloroform, DMF, and THF. Besides functionalization, there is the 
possibility of creating highly lithiated carbon materials. The lithium 
intercollates between the SWNTs to give a C:Li ratio of approximately 
1 lithium atoms per 2.2 carbons. 
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The addition of oxygen moieties to SWNT sidewalls can be achieved 
by treatment with acid or wet air oxidation and ozonolysis [206]. The 
direct epoxidation of SWNTs may be accomplished by the reaction with 
either trifluorodimethyldioxirane, formed in situ from trifluoroacetone 
and Oxone (potassium peroxymonosulfate, KHS0 5 ) in MeCN/H 2 0 4 or 
3-chloroperoxybenzoic acid (/n-CPBA)/CH 2 Cl 2 [207], or using ReMe0 3 /H 2 0 2 
catalysis (Figure 3.50) [169]. Catalytic de-epoxidation (Figure 3.50) allows 
for the quantitative analysis of sidewall epoxide and led to the surprising 
result that previously assumed “pure” SWNTs actually contain approxi- 
mately 1 oxygen per 250 carbon atoms. Sidewall osmylation of SWNTs has 
been obtained by exposing the SWNTs to Os0 4 vapor under UV photoir- 
radiation [208] . The covalent attachment of osmium oxide increased the 
electrical resistance of tubes by up to several orders of magnitude. Cleavage 
of Os0 4 resulted in the recovery of the original resistance. 

In 1999, Margrave and coworkers reported the direct fluorination of 
a nanotube sidewall [209], For this method, elemental fluorine was 
passed over the tubes at 150-325°C. The fluorination allows for the 
tubes to be soluble in alcohols after brief ultrasonication (1 mg • mL 1 
in 2-propanol). It has been ascertained that in fluorination at the optimal 
temperature, C:F ratios of up to 2:1 can be achieved without disruption 
of the tubular structure. The fluorinated SWNTs (F-SWNTs) proved to be 
much more soluble than pristine SWNTs in alcohols, DMF, and other 
selected organic solvents. Investigation of the structure of F-SWNTs has 
been explored by density functional theory (DFT) calculations and scanning 
tunneling microscopy (STM) imaging [210, 211]. STM revealed that 
the fluorine formed bands of approximately 20 nm [211]. Calculations on 




Figure 3.50 Catalytic oxidation and de-epoxidation of SWNTs. 
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the fluorinated (10,10) SWNTs with C 2 F stoichiometry performed by 
using DFT revealed 1,2 addition is more energetically preferable than 
1,4 addition. Recently, solid-state 13 C NMR has demonstrated the pre- 
dominance of 1,2 addition and provided accurate quantification of the 
C:F ratio [212], F-SWNTs make highly flexible synthons and subse- 
quent elaboration has been performed with organo lithium, Grignard 
reagents, and amines [213—216]. 

Functionalized nanotubes can be characterized by a variety of 
techniques, such as atomic force microscopy (AFM), transmission 
electron microscopy (TEM), UV-vis spectroscopy, and Raman spec- 
troscopy. Changes in the Raman spectrum of a nanotube sample can 
indicate if functionalization has occurred. Pristine tubes exhibit two 
distinct bands. They are the radial breathing mode (230 cm -1 ) and 
the tangential mode (1590 cm -1 ) [217]. When functionalized, a new 
band, called the disorder band, appears at approximately 1350 cm -1 . 
This band is attributed to sp 3 -hybridized carbons in the tube. 
Unfortunately, while the presence of a significant D mode is consis- 
tent with sidewall functionalization, the relative intensity of D (dis- 
order) mode versus the tangential G mode (1550—1600 cm -1 ) is often 
used as a measure of the level of substitution. However, it has been 
shown that Raman is an unreliable method for determination of the 
extent of functionalization since the relative intensity of the D band 
is also a function of the substituents’ distribution as well as concen- 
tration [215]. 
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Introduction 

In this chapter, we survey several methods for characterizing physical- 
chemical properties of nanoparticles. Among these properties are particle 
size, charge, structure, shape, and chemical composition. Particle size 
can influence an array of material properties and is therefore of concern 
when studying nanoparticles. For example, the crystal properties of the 
material such as the lattice symmetry and cell parameters may change 
with size due to changes in surface free energy [see, for example, Zhang 
and Banfield, 1998], This is particularly true for particles where the 
number of atoms at the surface represents a significant fraction of the total 
number of atoms (e.g., below 10 to 20 nm). Size may also affect the elec- 
tronic properties of the materials due to the confinement of electrons, 
commonly discussed in terms of the quantum size effect, and the 
existence of discrete electronic states that give rise to properties such 
as the size-dependent fluorescence of CdS and CdSe nanoparticles or the 
electrical properties of carbon nanotubes. 

The surface properties of nanomaterials play an important role in 
determining nanoparticle toxicity. The toxicity of CdS and CdSe 
nanoparticles, for instance, is completely controlled by their surface 
coating. The intracellular oxidation of bare CdSe nanoparticles results 
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in the release of Cd + ions, the toxicity of which is well known. However, 
when CdSe nanoparticles are covered with organic molecules, the cyto- 
toxicity is reduced (see Chapters 11 and 12). Adsorptive interactions 
involving nanomaterials (Chapter 10), the effects of nanoparticle sur- 
face chemistry on particle stability and mobility (Chapter 7), and pho- 
tocatalytic properties (Chapter 5) are also covered in greater detail later 
in this book. 



Principles of Light-Material Interactions, 

Atomic Force Microscopy, and Scanning 
Tunnel Microscopy 

Phenomena resulting from the interaction between electromagnetic 
radiation and matter can be interpreted to yield a great deal of infor- 
mation on nanomaterials. Light (e.g., X-ray, UV-vis, infrared) is an 
oscillating electromagnetic field. It is a wave that is characterizecUay 
a specific frequency (w 0 = 27 tp 0 ) and a radiation wave vector (k 0 ). 
However, light is also a particle called a photon, where each photon 
carries a packet of energy that is proportional to its frequency. Light 
can also be associated to particulate beams like electron beams. An 
electron beam also interacts with matter in a similar fashion to that 
of photons. The interaction between light and matter can occur in a 
variety of different scenarios, which can be summarized as follows 
(see also Figure 4.1): 



Incident beam 



Ejected (Energy E 0 ) 



electrons 
(energy E') 




Fluorescent 

light 



Specimen 



Transmitted beam 



Inelastic scattering 
(energy Eo-AE) 




Elastic scattering 
(energy Eo) 



No interaction 



Figure 4.1 Examples of the various manners of interac- 
tions between light and electron beams with matter. 
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■ No interaction occurs and the light is transmitted through the mate- 
rial with its initial characteristics ( k 0 , a> 0 ). 

■ The wave vector is affected, but there is no change in frequency. The inci- 
dent beam is dispersed over a range of “angles” via elastic scattering/ 
diffraction processes. Modification of the wave vector is related to the 
spatial aspects of the matter (crystal structure, size, shape). These are 
the classical diffractions (X-ray diffraction [XRD] , electron and neutron 
diffraction) and scattering techniques (small angle x-ray scattering 
[SAXS], light scattering, neutron scattering). 

■ The frequency of light is affected by internal excitation processes 
(electronic, nuclear, etc., transitions) that lead to absorption of the inci- 
dent beam at the frequency u> 0 . Examples of techniques that measure 
changes in the frequency of light are the absorption spectroscopy tech- 
niques such as X-ray absorption spectroscopy (XAS), Raman, Fourier 
transform infrared spectroscopy (FTIR), and nuclear magnetic reso- 
nance (NMR) imaging. The absorption of the incident beam, depend- 
ing on the nature and structure of the sample matter, can also be 
used in microscopy by analyzing the absorption contrast as is done in 
electronic, light, and X-ray microscopy. 

■ The excited matter can relax through several processes causing the 
emission of fluorescent photons (X-ray and light) or electrons (auger 
and secondary electrons) having different frequencies. Examples of char- 
acterization techniques utilizing these measurement principles are X-ray 
fluorescence spectroscopy (XRF), luminescence spectroscopy, energy loss 
spectroscopy (ELS), and X-ray photoelectron spectroscopy (XPS). 

In contrast with methods that rely on the interaction of materials with 
electromagnetic radiation, two techniques that were developed in the 
1980s, atomic force microscopy (AFM) and scanning tunneling 
microscopy (STM), take an entirely different approach in which a probe 
“feels” its way along a surface at a resolution that may approach the 
atomic scale. AFM and STM are advanced microscopy techniques devel- 
oped to measure surface topography with angstrom level resolution. In 
both cases the operating principle consists of scanning a probe in close 
proximity to the surface. The location between the probe and the surface 
is determined by the change in cantilever deflection and tunnel current 
in AFM and STM, respectively. 



Structural Characterization 

In the following parts we will detail different techniques enabling the 
characterization of the structure from the atomic scale to the size and 
shape of the nanoparticles. 
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Characterization of atomic structure 

The characterization of the atomic arrangement of nanoparticles can 
be performed to determine both the long-range (i.e., the crystal param- 
eters) and short-range order of a material’s atomic structure. Of 
particular interest is the arrangement of atoms at the material’s sur- 
face. The various characterization techniques that are available for 
these purposes may or may not be element specific. Therefore, care 
must be taken to select an appropriate characterization method. We will 
therefore discuss first the nonspecific techniques followed by the 
element-specific ones. 

Nonspecific techniques 

X-ray diffraction 

Operating principles. X-ray scattering was first used to study the long-range 
order of the atomic arrangement in crystals in the early 20th century 
(Wyckoff, 1964). More recently, it has been applied to characterize nano- 
materials. The pattern, position, intensity, and shape of the peaks in X- 
ray diffraction (XRD) are all influenced by the atomic structure — that 
is, atomic interatomic distances and crystal cell parameters. The com- 
parison of the diffraction pattern of unknown samples with the diffrac- 
tion pattern of reference compounds from the database is necessary to 
identify the nature of minerals present in mixtures. XRD is a common 
technique used in mineralogy, and details to determine or refine atomic 
position can be found elsewhere. 

Furthermore, information regarding the size of nanoparticles may 
also be derived from the XRD pattern, as particle size strongly affects 
the peak width. Particle size may be calculated based on the Sherrer 
formula, which states: 



S = A/wcosd (1) 

where S is the particle size, A the wavelength of the beam, 0 the 
diffraction angle and w is the width of the peak at half-maximum. 

Sample preparation. X-ray diffraction instruments may have a number 
of different configurations resulting in different types of sample hold- 
ers. Powder diffraction requires a fine and homogeneous powder. 
Diffraction setup for “single” crystal analysis is not really adapted to 
study small objects since the size of the beam is much larger than indi- 
vidual nanoparticles. For nanoparticles, the sample needs to be dry and 
deposited either on a sample holder or in capillary tubes. 

Application in the particular case of nanoparticles. For nanoparticles, as for 
other types of materials, it is essential to determine both the crys- 
tallinity and polymorph type (i.e., two or more minerals having the 
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Figure 4.2 Theoretical X-ray diffraction patterns of the three polymorphs of Ti0 2 
particles. A: anatase, B: Brookite, R: Rutile. 



same chemical composition, but different crystal structures). One of the 
best examples for illustrating this point is titanium dioxide (Ti0 2 ). Due 
to the unique physical and chemical properties of Ti0 2 , it is widely used 
in industrial applications, particularly as a photocatalyst. Three dif- 
ferent Ti0 2 polymorphs exist — rutile, anatase, and brookite — however, 
only anatase is generally accepted to have significant photocatalytic 
activity. The respective XRD diffraction patterns of the three Ti0 2 poly- 
morphs (Figure 4.2) represent a simple and easy way to distinguish 
between them based on peak location and height. 

Limitations. One of the main limitations of XRD when characterizing 
nanoparticles is that if the amorphization process occurs without chang- 
ing particle size, it will affect both the intensity and diffraction peak 
width in the same fashion. Moreover, in certain cases the position of the 
peaks for different minerals can overlap, leading to ambiguous identi- 
fication of mineral phases. Because peak width increases with decreas- 
ing particle size, the overlapping of peaks is particularly problematic for 
very small particles. 

Total scattering. XRD is used to probe the periodic structure of miner- 
als (periodicity over distances above 100 A), but a method has been 
recently “rediscovered” as a result of synchrotron light sources. This 
technique is based on the total scattering of particles and is called the 
pair distribution function (PDF). This method essentially fills the gap 
between XAS (see below) and XRD. The PDF technique has long been 
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Figure 4.3 PDF of ceria before and after thermal treatment 
(adapted from Mamontov and Egami, 2000). 



used for studying the nonperiodic structure of matter in noncrystalline 
materials (glasses) [Warren, 1990]. The local structure determined by the 
pair distribution function is the probability of finding an atom at a dis- 
tance r from a reference z atom. The PDF transforms the signal obtained 
in the reciprocal space (wave vector space Q = 4ir sin 01 A with 0 the scat- 
tering angle and A wavelength of the incident beam) to the real space 
(interatomic distance space). The spatial resolution is directly linked to 
the Q range scanned (greater than 20 A -1 ). Therefore, to obtain a high 
interatomic size resolution it is necessary to measure data using high 
X-ray energy (> 100 KeV), that is to say, low wavelength (<0.12 A). The 
high X-ray energy is a strong limitation of this technique, since it requires 
a synchrotron radiation source. The PDF analysis of ceria nanoparticles 
[Mamontov and Egami, 2000] illustrates the interest of such a tool. 

Using neutron diffraction, the authors have shown that the nanoscale 
ceria had Fenkel-type oxygen defects. The defects disappeared after a ther- 
mal treatment as shown in the post-thermal treatment PDF curve, which 
exhibits a higher intensity compared to the ceria before thermal treat- 
ment, for example, a higher number of interatomic distances (Figure 4.3). 

Raman spectroscopy 

Operating principles. Raman spectra result from the scattering of elec- 
tromagnetic radiation by the molecules in solid bulk materials. The 
energy of the incident light beam (usually in the visible region of the 
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spectrum and sometimes in the ultraviolet zone) is slightly lowered or 
raised by inelastic interactions with the vibrational modes. It is a pow- 
erful tool for investigating the structural and morphological properties 
of solids at a local level [see, for example, Ferraro and Nakamoto, 1994], 
In a simple approach, Raman spectra can fingerprint the nature or type 
of crystal phases. Raman can in some cases assess the crystal, or amor- 
phous nature, of minerals. These properties of Raman spectroscopy, 
however, are not particular to nanoparticles. 

Sample preparation and limitations. One very interesting point concerning 
Raman spectroscopy is that the sample can be solid or in solution. A lim- 
itation of Raman spectroscopy, however, is that the sensitivity of the 
technique is dependent upon the material being characterized. 

Application in the particular case of nanoparticles. Raman spectroscopy is a 
powerful tool to identify the nature of nanoparticles. Like XRD, the posi- 
tion of Raman peaks can be considered as a fingerprint for different 
minerals. More than XRD, overlapping of peaks can lead to difficulties in 
identifying the constituent minerals in a complex matrix. In some cases 
like Ti0 2 , for which the Raman peaks are particularly intense, it is pos- 
sible to distinguish between the different polymorphs. Taking for exam- 
ple anatase and rutile, both of which are polymorphs of Ti0 2 , the Raman 
spectroscopy maybe used to differentiate between them. For anatase, six 
different peaks are recorded at 144 cm -1 (Eg), 197 cm -1 (Eg), 397 cm -1 
(Rig), 518 cm -1 (Alg and Rig, unresolved), and 640 cm -1 (Rg). On the 
other hand, for rutile, three different peaks are detected at 144 cm -1 
(Rig), 448 cm -1 (Eg), and 613 cm” 1 (Alg) (a fourth very weak band cor- 
responding to the R2g mode also exists at 827 cm -1 ) [Robert et al., 2003]. 
In the particular case of nanoparticles, the signal is strongly affected by 
particle size as well as shape. This point will be detailed further later in 
this chapter. 

Element-specific techniques 

X-ray absorption spectroscopy (XAS) 

Operating principles. X-ray absorption spectroscopy (XAS) is one of the 
most powerful techniques for probing the local atomic structure in a vast 
array of materials. XAS is a short-range order method that can be used 
regardless of the sample’s physical state (crystalline, amorphous, in solu- 
tion, or in a gas phase). Another important property of XAS is that it is 
an element-specific technique, which is in contrast to other spectroscopic 
methods such as Raman spectroscopy. The operating principle of this 
method requires that the incident X-ray beam energy be scanned from 
below to above, the binding energy of the core shell electrons of the target 
atom. By doing so, one observes an abrupt increase in the absorption coef- 
ficient corresponding to the characteristic absorption edge of the selected 
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Figure 4.4 The Cr K edge absorption spectrum of chromite 
(CrFe 2 C>4) showing the XANES (X-ray absorption near edge 
structure) and EXAFS (extended X-ray absorption fine struc- 
ture) parts. 



element (Figure 4.4). Depending on the electron that is excited, the 
absorption edges are named K for Is , L r for 2s, L n , L in for 2p, and so on. 

The theory of XAS is described in detail elsewhere [Koningsberger 
and Prins, 1988, Fontaine, 1993, Rehr and Albers, 2000], Two charac- 
terization methods involving X-ray absorption are XANES and EXAFS, 
which focus on different portions of the absorption spectra. XANES 
yields information on chemical bonds and symmetry, while EXAFS pro- 
vides information on coordination number, chemical species, and 
distances. In the next section we will briefly introduce the theoretical 
basis of XAS and detail its use in characterizing the atomic arrangement 
of nanoparticles. 

The energy position of the absorption edge and its shape reflect the 
excitation energy of the inner-shell electrons. The transition is always 
from core level to unoccupied states. The resulting excited photoelec- 
tron has generally enough kinetic energy to move through the mate- 
rial and this phenomenon can even occur in insulators. The presence 
of neighboring atoms around the central and excited atom leads to a 
modulation of the absorption coefficient due to interferences between 
outgoing and backscattered photoelectron waves. These modulations 
are present in the EXAFS zone. Oscillations can b e extracted as a 
function of the photoelectron wave vector k = \/2 m e (E — E 0 )/fi 2 , 
where m e is the mass of electron, E is the energy, and E 0 is the bind- 
ing energy of the photoelectron. The conventional EXAFS analysis 
based on single scattering was developed by Sayers et al. [1971]: 



Methods for Structural and Chemical Characterization of Nanomaterials 113 



= fi(E) - ^ 0 {E) 

X A n 0 (E) 

N 

= “So %—h\m\e- 2 ^ k2 e w, sin[2 kR t + ^(k)] (2) 

i kill 

where /jl(E) is the measured absorption coefficient, j± {] (E) is a background 
function representing the absorption of an isolated atom, A/l 0 (E) is the 
jump in the absorption coefficient at the energy of the edge, So is the 
amplitude reduction factor due to multielectronic effects. N; is the coor- 
dination number, R t is the interatomic distance between the central 
atom and the neighboring atom of type i, 07 is a Debye-Waller factor 
describing the static and dynamic disorder in a Gaussian approxima- 
tion, \fi(k) \ is the amplitude of the backscattering wave from the neigh- 
bor of type i, \(k) is the free mean path of the photoelectron, that 
accounts for inelastic losses, and 4>jj{k) is the phase shift between the 
central ion j and its neighbors i. From Eq. 2 it is possible to extract from 
EXAFS oscillations information such as the interatomic distances and 
the number and nature of surrounding atoms. 

The pioneering work of Sayers et al. [1971] revolutionized the way EXAFS 
data is analyzed. Because of the sinusoidal nature of EXAFS spectra, Sayer 
et al. used a Fourier transform to visualize the various electronic shells sur- 
rounding the central absorber. A pseudoradial distribution function (RDF) 
is obtained that provides the position of the different scatterers (Figure 4.5). 

Fe-Fe 

2 nd coordination 
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Figure 4.5 Radial distribution function of iron in lepi- 
docrocite (7-FeOOH). 
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XANES analysis is more sensitive than EXAFS to the site geometry and 
the oxidation state of the target atom. Therefore, the combination of XANES 
and EXAFS is very powerful for probing the speciation of elements. 

Sample preparation. XAS has the ability to measure samples under var- 
ious physical forms (solid, liquid, and gas) with little preparation, in con- 
trast to other techniques such as TEM. In transmission mode, it is 
crucial to prepare pellets (for solid samples) with no pinholes and con- 
stant and appropriate thickness. It is also important that the size of the 
particles in the sample not be much larger than one absorption length 
(which is always the case for nanoparticles). Solutions produce the best 
transmission samples. For nanoparticles in suspension it is essential to 
prevent any settling during the measurement. 

Limitations. The interpretation of EXAFS is limited in that it does not 
provide any information about bond angles between atoms. Moreover, 
it is not practically possible to distinguish between atoms that are in the 
same line in the periodic table (Z ± 2). For example, it is not possible to 
distinguish between 0 and N, whereas the differences between 0 and 
S allow for their identification. This quite strong limitation is due to the 
energy dependence of \fi{k)\ and the phase shift function 4>ij(k). These 
two functions contain the information characteristic of the nature of the 
scattering atoms. Unfortunately, the differences of \fi{k)\ and for 
two atoms like 0 and N are not great enough to easily distinguish 
between them (Figure 4.6). 

In XANES analysis the theory is not as yet fully quantitative as is the 
case for EXAFS and requires different physical considerations. Here, X-rays 
from a synchrotron source may induce significant chemical changes 
within the sample (e.g., oxydo-reduction processes), which has obvious 
consequences for accurately characterizing the material of interest. 

Application in the particular case of nanoparticles. XAS can be helpful in deter- 
mining the structural evolution of nanoparticles as a function of the 
nature of the ligands capping them. For example, Chemseddine et al. 
[1997] demonstrated that the presence of acetate or thiolate modifies 
the symmetry of CdS in the surface layer. Whereas in the bulk on the 




Figure 4.6 Backscattering ampli- 
tude factor \fi(k)\ for oxygen and 
nitrogen. 
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particle the Cd is tetrahedraly coordinated and CdS octahedra appeared 
at the surface. XAS can also probe the surface layer structure of particles, 
but only if objects are within the nanometer size range. Indeed, XAS and 
EXAFS give average information concerning all crystallographic sites 
that exist in a mineral. Unfortunately, XAS is only sensitive to the largest 
fraction of sites when there are several sites present. In the case of large 
particles the surface sites represent a limited number of atoms that 
cannot be detected by XAS. As soon as the fraction of surface atoms 
becomes higher than 15—20 percent, XAS is sensitive enough to determine 
the modification of the surface site. For example, Auffan et al. [2006] 
were able to determine that iron atoms at the surface of nanomaghemites 
(y-Fe 2 0 3 ) recovered by DMSA (di-mercaptosuccinic acid) were highly 
asymmetric due to ligand exchange between OH and SH groups from the 
DMSA (Figure 4.7). The resulting EXAFS spectra were then the combi- 
nation of two Fe sites. 
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Figure 4.7 XAS spectra of DMSA-coated nanomaghemites. 
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EXAFS can be a powerful tool for characterizing nanomaterials when 
used along with XRD. Indeed, the decrease in the size of crystalline 
particles leads to an increase in the FWHM of the XRD peaks. But a 
decrease in particle crystallinity without any change in size leads to the 
same effect. For very small particles (<3 to 4 nm) the XRD spectra are 
quite noisy, and accurate information concerning the minerals is diffi- 
cult to extract. Using EXAFS in combination with XRD can help in 
solving this limitation. The Debye-Waller factor determined by EXAFS 
modeling is related to the disorder of the particles. For example Choi 
et al. [2005] observed an increase of the static disorder as Ti0 2 parti- 
cle size decreased. Moreover, a volume contraction as particle size 
decreases has been highlighted by a decrease of the Ti-Ti interatomic 
distances. 

Mossbauer spectroscopy 

Operating principles. While XAS spectroscopy is based on the measure- 
ment of electronic transitions, the Mossbauer effect involves the inter- 
action of y radiation (i.e., the resonant absorption) with the nuclei of the 
atoms of a solid. Here, y-rays are used to probe the nuclear energy levels 
related to the local electron configuration and the electric and magnetic 
fields of the solid. To date, Mossbauer spectroscopy has been mainly used 
to study Fe nanoparticles, but Au and Pt materials can also be studied 
by following nuclear transitions [see, for example, Mulder et al., 1996]. 
Like XAS, the Mossbauer spectroscopy is element specific. Mossbauer 
spectra consist of plotting the transmission of y rays as a function of their 
source velocity. A Mossbauer spectrometer consists of a vibrating mech- 
anism that imparts a Doppler shift to the source energy and then to a 
source. In the absence of any magnetic field, the Mossbauer spectrum 
consists of one or two absorption maxima between 11/2 and 13/2 nuclear 
levels (Figure 4.8). The difference between the ground and excited state 
levels is called the chemical or isomer shift, 8, which is described accord- 
ing to the following relationship: 

5 = ^Ze 2 R 2 (^[ [*(0)11*, - |*(0)|i OUHCE ] (3) 

where Z is the nuclear charge, 8R is the difference between the radii of 
the ground and excited states, R is the mean radius of the ground and 
excited states, and |*(0)|abs and |*(0)| source are the electron density 
of the absorbant and source, respectively. 

When a magnetic field exists it will influence the resonant nuclei by 
splitting the nuclear spin of the ground and excited states into various 
new states. This phenomenon leads to multiple transitions, where the 
position and absorption intensity are related to hyperfine interactions 
between the resonant nuclei and the electrons surrounding them. The 
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different interactions that may occur between the nuclei and accompa- 
nying electrons and the information that may be derived from each can 
be summarized as follows: 

■ The shift due to monopole interactions provides information about the 
coordination number, valency and spin state of the studied atom. 

■ The quadrupole shift provides information about the site distortion. 

■ The magnetic hyperfine field provides information about the valence 
and magnetic properties of the compound. 

Accordingly, inspection of Mossbauer spectra can provide informa- 
tion regarding the crystallographic nature of minerals and the local 
scale evolution of a target atom. For iron nanoparticles Mossbauer spec- 
troscopy is a very efficient technique for probing the Fe 2+ /Fe 3+ ratio and 
the nature and size of the different oxide phases. 

Sample preparation. In performing Mossbauer spectroscopy, samples must 
be prepared either as powders or as homogeneous thin-films (e.g., 5 mg/cm 2 
of Fe). As with the case of powder-XRD it is important to avoid any tex- 
tural effect of the powder. The samples do not require any vacuum. 
However, measurements are generally performed at low temperature 
(i.e., in the presence of liquid nitrogen). The samples must therefore not 
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change phase and/or be resilient in such conditions. With regards to sen- 
sitivity, the matrix or support of the studied element is of high importance. 
But it seems difficult to detect elements at concentrations lower than 
1—2 percent (w/w). 

Application in the particular case of nanoparticles. For nanoparticles some 
specificity exists when applying Mossbauer spectroscopy. When the 
grain size of fine particles is smaller than a critical grain size, Dc, they 
are composed of many single magnetic domains even though there is 
no external magnetic field. Therefore, the magnetic fields will not be 
stationed in a fixed direction like for a bulk material, but will rather 
jump from one easy-magnetization direction to another; this is the 
superparamagnetic phenomenon. The Dc varies from one mineral to 
another. For instance, the Dc of a-Fe 2 0 3 is 20 nm. If the grain size of 
iron oxide in composites is smaller than Dc, there appear superpara- 
magnetic doublet lines in the Mossbauer spectra. Using this property, 
Liu et al. [2005] combined XRD and Mossbauer spectroscopy on an 
Fe 2 03 -Al 2 03 nanocomposite, and found that below 1373 K the aver- 
age grain size is below 20 nm (i.e., it exhibited a superparamagnetic 
behavior). 

As Mossbauer spectroscopy probes the local structure of a target atom, 
the crystallographic sites of doped nanoparticles can also be studied. For 
example, Zhu et al. [2005] found that Fe can form superparamagnetic 
a-Fe 2 03 phases in iron-doped Ti0 2 if the Fe concentration was higher 
than 4 percent (w/w). This phenomena is also a consequence of the fact 
that Fe does not substitute Ti in the Ti0 2 structure. 

In the case of iron, Mossbauer spectroscopy is capable of differenti- 
ating redox states and also atomic sites. The chemical shifts of o7 Fe in 
various solid systems are summarized in Figure 4.9. 

Like XAS, Mossbauer spectroscopy is sensitive to the atomic arrange- 
ment of the surface layer in a bulk solid. For metallic clusters of Au and 
Pt, Mulder et al. [1996] showed that for nanoparticles composed of 55, 




Figure 4.9 Chemical shifts of various iron species. 
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147, 309 atoms (2, 3, or 4 atom shells) with cuboctahedral (fee.) arrange- 
ment and for a given n-shell compound, the “surface” metal atoms in the 
outer n th -shell of the metal core do not show purely “metallic” behavior. 
Furthermore, experiments with two shell Au-55 nanoparticles recovered 
by different types of ligands (triphenylphosphine, tri-para-tolylphos- 
phine, metasulfonatophenyldiphenylphosphine, and trianisylphosphine) 
demonstrated that they do not exhibit a perfect metallic character due 
to the influence of the surface layer. The charge transfer between the 
surface atoms and the ligand influences all the particles even at the core 
of the Au-55 particles. For Pt-308 nanoparticles charge transfer between 
the ligand and the surface layer did not influence the particle core. In 
summary, Mossbauer spectroscopy provides a sensitive local probe to 
measure these charge densities and therefore assess the influence of lig- 
ands on the surface layer structure. 

Nuclear magnetic resonance (NMR) 

Operating principles. Many nuclei have spin, and all nuclei are charged. 
The number of energy levels of a nuclide is 21+1, where I is the spin quan- 
tum number. When a magnetic field is applied, nuclei can be excited to 
a higher energy level that corresponds to a change in spin. When the spin 
on the nuclide returns to its base level, it emits energy at a wavelength 
that corresponds to the energy transfer that excited the nuclide. By 
measuring the resonance frequency of the nuclides, information on chem- 
ical structure can be obtained. The interaction between the field and 
the energy levels leads to energy differences between the different levels. 
The number of energy levels is 2 for I = 1/2 and 6 for I = 5/2 (Figure 4.10). 
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Figure 4.10 Nuclear spin energy level diagram for a spin = 1/2 and 5/2 nuclide. 
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The differences between the various energy states is given by: 
A E = | yhH\ where H is the magnetic field at the nucleus. The 
Boltzmann distribution = exp ( — A ElkT) gives the probability of 
higher and lower energy levels (N a and N & ). It is important, however, to 
recall that the difference between high and low energy levels tends to 
be very low. The increase or decrease of nucleus energy is due to absorp- 
tion or emission of photons with a frequency v, given by: 



v 




(4) 



NMR measures the frequency of this radiation, which is in the radio- 
frequency range. Nuclei with various atomic arrangements absorb and 
emit photons of slightly different frequencies due to shielding: 



H = H 0 (l - a) (5) 

and 

v = y — -(1 — a) (6) 

2t t 



The resonance frequencies are generally reported as chemical shifts (8 
which are described according to the following expression): 



8 = 
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(7) 



As with Mossbauer spectroscopy, NMR can provide valuable informa- 
tion for identifying solid phases even in natural systems. For example, 
naturally occurring nanoparticles such as imogolite or allophane can be 
identified using 29 Si and 2/ Al solid-state NMR [Denaix et al., 1999]. On 
the other hand, XRD is severely limited in its ability to provide such 
information. 

Sample preparation. For the analysis of nanoparticles using NMR, sam- 
ples must be supplied as a homogeneous powder in a dry state. 

Limitations. The sensitivity of NMR analysis is dependent on the abun- 
dance of the given isotope in a sample. For example, the natural abun- 
dance of 29 Si is 4.7 percent compared to 27 Al, which is close to 100 percent. 
With mixtures of different nanoparticles (e.g., Al and Si) the detection 
of Si will be more difficult than Al. One possible solution to this prob- 
lem is to enrich the Si nanoparticle during the synthesis with 29 Si. 
Another strong limitation to NMR is that the presence of paramagnetic 
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elements strongly affects the signal. For example, the presence of iron 
in a system leads to a strong decrease of the peak intensity and there- 
fore limits the application of NMR in these cases. 

Application in the particular case of nanoparticles. For nanoparticles, NMR is of 
high interest since this element-specific technique does not require long- 
range order and may be used to characterize nanoparticle surface prop- 
erties like XAS. For example, 7 Li NMR of polycrystalline nano-LiMn 2 0 4 
indicated that the lithium ion occupies the 8a position, however, it also 
revealed that it has two different distances to neighboring manganese 
and oxide ions [Hon et al., 2002]. Such information is difficult to extract 
from XRD due to the small size of the product. More specifically, in the 
case of quantum tunneling in nanomagnets such as Mn, B5 Mn NMR 
[Kubo et al., 2001] can provide unique information on the magnetic 
behavior of these nanoparticles. This is evidence of phonon-activated res- 
onant quantum tunneling. 

Microscopy 

SEM and TEM. Spectroscopic techniques can provide detailed infor- 
mation about the structure and size of nanoparticles. The most common 
examples of electron microscopy techniques used for characterizing 
nanoparticles include scanning electron microscopy (SEM) and trans- 
mission electron microscopy (TEM). A potential drawback to these tech- 
niques is that in some cases particle shape can induce indirect 
modification of the spectroscopic signal and is thus a source of error in 
these types of measurements. Nevertheless, these microscopy tech- 
niques allow for direct visualization of nanoparticles, and thereby pro- 
vide information about particle size, shape, and structure. With this in 
mind, both SEM and TEM imaging are highly versatile and powerful 
techniques for characterizing nanoparticles. 

Operating principle. The general operating principles and the compo- 
nents that make up the respective instruments of TEM and SEM imag- 
ing are summarized in Figure 4.11. 

The interaction between an electron beam and a solid surface results 
in a number of elastic or inelastic scattering processes (backscattering 
or reflection, emission of secondary electrons, X-rays or optical photons, 
and transmission of the undeviated beam along with beams deviated as 
a consequence of elastic — single atom scattering, diffraction — or inelas- 
tic phenomena). The operational principle for a scanning electron micro- 
scope (SEM) is based on the scanning of finely focused beams of electrons 
onto a surface. When using an SEM, there are a number of different visu- 
alization techniques that can be used. During scanning, the incident elec- 
trons are completely backscattered, reemerging from the incident surface 
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Figure 4.11 Schematics illustrating the operating principles of SEM and TEM 
microscopes. 

of the sample. Since the scattering angle is strongly dependent on the 
atomic number of the nucleus involved, the primary electrons arriving 
at a given detector position can be used to yield images containing both 
topological and compositional information. The backscattering mode is 
generally used on a polished section to minimize the effects of local topol- 
ogy and therefore obtain information on the composition of the sample. 

The high-energy incident electrons can also interact with loosely 
bound conduction band electrons in a sample. The amount of energy 
given to these secondary electrons as a result of these interactions is 
small, and so they have a very limited range in the sample (a few 
nanometers). Because of this, only secondary electrons that are emitted 
within a very short distance of the surface are able to escape from the 
sample. This means that the detection mode boasts high-resolution top- 
ographical images, making this the most widely used of the SEM modes. 
SEM can provide both morphological information at the submicron scale 
and elemental information at the micron scale. Recent developments in 
terms of electron source (field emission) have led to the development of 
high-resolution SEM. Using a secondary or backscattering electron 
image one can look at particles as small as 10-20 nm (Figure 4.12A). 
Chemical information using EDX, however, is obtained at the micron 
scale and not for individual particles. 

In contrast with SEM, transmission electron microscopy (TEM) 
analyzes the transmitted or forward-scattered electron beam. Here the 
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Figure 4.12 A. An FESEM secondary electron image of Ag nanoparticles where the 
particle size is determined using the appropriate scale (courtesy of Vladimir Tarabara). 
B. A TEM image of imogolite (single-walled aluminosilicate nanotube) (courtesy of 
Clement Levard). 



electron beam is passed through a series of lenses to determine the 
image resolution and obtain the magnified image (Figure 4.12B). The 
highest structural resolution possible (point resolution) is achieved 
upon use of high-voltage instruments (acceleration voltages higher 
than 0.5 MeV). Enhanced radiation damage, which may have stronger 
effects for nanostructured materials, must however be considered in 
these cases. With corrections it is possible to achieve sub-angstrom res- 
olution with microscopes operating at lower voltages (typically, 200 
keV), allowing the oxygen atoms to be resolved in oxides materials. On 
the other hand, as high resolution is achieved in TEM as the result of 
electron wave interference among diffracted peaks and not only to the 
transmitted beam in the absence of deflection, a limitation to struc- 
tural resolution can arise from nanoparticles with a very low number 
of atoms. Nevertheless conventional TEM is the most common tool used 
to investigate the crystal structure of materials at the sub-nanometer 
scale. There exist a number of different TEM techniques that may be 
used to obtain structural images with atomic level resolution; two of 
these techniques are detailed below: high-resolution TEM (HRTEM) 
and high angle annular dark field (HAADF) scanning transmission elec- 
tron microscopy (STEM). 

HRTEM images are formed by the interference of coherent electron 
waves. The object transmits the (nearly) planar incident electron wave, 
interacts with it, and the resulting electron wave 4* e a t the exit plane 
of the object carries information about the atom arrangement in the 
object. The i]i e corresponds to a set of “diffracted” coherent plane waves. 
The electron optics transfers these waves to the image plane, and the 
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intensity distribution of their interference pattern constitutes the 
HRTEM image. 

With the HAADF-STEM techniques, images are formed by collecting 
electrons that have forward scatter at high angles, typically a few degrees 
or more, using high angle annular dark field (HAADF) scanning trans- 
mission electron microscopy (STEM). Unlike normal dark-field imaging, 
where the signal comes from elastic (Bragg) scattering of electrons typi- 
cally to smaller angles, the HAADF-STEM signal is the result of inelas- 
tic electron scattering typically to larger angles. At high angles, elastic and 
inelastic interactions between the incident electrons and the columns of 
atoms within the specimen produce the image contrast. Since inelastic scat- 
tering depends on the number of electrons in an atom, the strength of scat- 
tering varies with atomic number. Spatial resolution is determined by the 
size of the focused incident electron probe. With electron beam sizes of less 
than 3 angstroms, imaging at atomic level resolution is possible. In a 
HAADF image, brighter spots represent the heavier atomic columns while 
the less intense spots indicate the lighter atomic columns. 

Coupled to EDS (energy dispersive spectrometry) or to EELS (energy 
electron loss spectroscopy), TEM can provide information about the ele- 
mental distribution at a very low spatial scale (several nanometers). The 
energy resolution of EELS is 0.2 eV, while for EDX it is > 140 eV at 
6 keV. In addition to elemental information, EELS can be used to deter- 
mine the electronic structure, bonding, and nearest neighbor distribu- 
tion of the specimen atoms. The high-loss energy is related to electrons 
that have interacted with inner-shell or core electrons of the specimen 
atoms. Thus, the information obtained is similar to that given by XAS 
(see the above discussion) — that is, K-, L-, M-, and such ionization edges 
of the elements present in the sample appear in the EELS spectrum 
(near edge and extended energy-loss fine structure, ELNES and 
EXELFS, regions being defined within them). Therefore, EELS can pro- 
vide information on the speciation of elements. However, the very low 
intensity of the EELS signal at energies higher than 1500-2000 eV is 
a strong limitation to study the K edge of elements with an atomic 
number higher than the silicon. Therefore EELS is well adapted to 
study elements in a 100-1500 eV energy range corresponding to the K 
edge of low atomic number elements like carbon and oxygen or the 1 edge 
of transition metals like Fe or Cu. 

Samples preparation. For conventional SEM measurements the sample 
must be dry and conductive. If the sample material is not conductive it 
must be coated with some material, usually carbon or gold, using a 
sputter coating device. In some instances it may also be advantageous 
to coat already conductive materials to improve image contrast. The con- 
ductive coatings are usually applied at a thickness of about 20 nm, 
which is too thin to interfere with dimensions of surface features. Prior 
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to coating the sample is mounted on a ring stand using nonconducting 
carbon tape. In many instances, as with most common forms of SEMs, 
it is necessary that the measurement be done under high vacuum. This 
requires that the sample be dry in order to prevent off-gassing during 
the measurement. However, recent advances in the design of SEM meas- 
urement chambers has led to the development of environmental (ESEM) 
and cryogenic SEMs, for imaging wet and frozen or fixed samples, 
respectively. As opposed to conventional SEM, in ESEM the sample 
may be both wet and does not need to be conductive. It is therefore 
desirable for delicate biological samples. In cryo-SEM and cryo-TEM the 
sample is frozen or fixed using liquid nitrogen and transferred to a cryo- 
preparation chamber that is held in vacuum. In the case of SEM meas- 
urements, a thin conductive coating is usually applied to allow 
high-resolution imaging or microanalysis in the SEM. Transfer to the 
SEM/TEM chamber is via an interlocked airlock and onto a cold stage 
module fitted to the SEM/TEM stage. 

Materials that are appropriate for TEM analysis are constrained to 
very thin samples (1000-2000 A), but do not require the presence of a 
conducting layer as in conventional SEM. However, a high vacuum is 
required and is accompanied by the aforementioned constraints. 
Nanoparticles are particularly viable for study using TEM as they are 
appropriately thin and may be imaged using TEM support grids. TEM 
support grids are fine mesh supports that are commonly made of copper, 
which may be covered with a range of materials (e.g., carbon, Formvar, 
holey, Si0 2 , etc.). Particles are either deposited through evaporation or 
through electrostatic attraction using positively charged grids. The 
grid/sample must be allowed to dry prior to imaging to prevent off- 
gassing once the sample is placed in the vacuum. When examining par- 
ticle samples it is important to avoid aggregation during the drying 
step, which will inhibit analysis of individual particles. 

Application in the particular case of nanoparticles. High-resolution TEM (HRTEM) 
may be employed to provide extremely valuable information about the 
atomic structure of nanoparticles. For instance, Mann-Almazo et al. 
[2005] used HRTEM to determine the atomic arrangement of rhodium 
nanoparticles (d = 1.8 nm). The authors found that for these nanoparti- 
cles the [111] and [200] inter-planar distances corresponded to large 
minerals indicating that no distortion of the network existed. However, 
for the smaller clusters (below 1.5 nm) some range stacking faults, dis- 
locations, and twins were identified (as illustrated in Figure 4.13). 

In another study by Yan et al. [2005] it was found that by coupling XRD 
analysis (Sherer equation) and TEM imaging, it was possible to deter- 
mine the structure and size of ultra-small gold nanoparticles (d = 1 nm). 
TEM can also be a powerful characterization technique for studying the 
dispersion and chemistry of nanoparticles in the environment. For 
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55 atoms Rh fee cluster Planar defect 




Figure 4.1 3 Images of a stable structure composed of 55 atoms and 
one with a planar defect that can be identified with HRTEM images. 
These two pictures show a hard-ball model of the structure (adapted 
from Marm-Almazo et al., 2005). 



instance, using TEM, Hiutsunomiya and Ewing [2003] found that 
airborne particulates (d < 2 pm) from coal-fired power plants contained 
1 to 10 ppm of uranium using HAADF-STEM images and that the ura- 
nium was located in nanoparticles (d < 10 nm) as uraninite (U0 2 ). These 
nanoparticles were encapsulated in graphite, which may retard oxida- 
tion of the tetravalent uranium to the more mobile hexavalent form. 

Spatially resolved EELS has been used to study the morphology of 
carbon nanotubes [Stephan et al., 2001], EELS results demonstrated 
that even for tiny nanotubes the covalent nature of the chemical bonds 
is preserved, whereas near-field EELS pointed out the specific charac- 
ter of the surface valence electron excitation modes in nanotubes in 
relation with their curved anisotropy. 

AFM/STM 

Operating principles. The invention of the atomic force microscope (AFM) 
in 1982 is considered one of the most important instrumental break- 
throughs in the development of nanoscience. The AFM provides a means 
both to characterize the physical properties of materials at the atomic 
scale and to measure forces between surfaces with piconewton resolu- 
tion. The operating principles of both the AFM and the scanning tun- 
neling microscope (STM) may be described in terms of an optical lever 
acting as a sensitive spring. The optical lever operates by reflecting a 
laser beam off the end of a cantilever, typically made of silicon or sili- 
con nitride, at the end of which is attached a tip or probe. Angular 
deflection of the tip causes a twofold larger angular deflection of the laser 
beam. The reflected laser beam strikes a position-sensitive photo-detector 
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consisting of two side-by-side photodiodes. The difference between the 
two photodiode signals indicates the position of the laser spot on the 
detector and thus the angular deflection of the tip. Because the tip-to- 
detector distance generally measures thousands of times the length of 
the cantilever, the optical lever greatly magnifies the motions of the 
tip. Because of the approximately 2000-fold magnification in the meas- 
ured deflection, the optical lever detection can theoretically obtain a 
noise level as low as 10 14 m/Hz 4/ ". 

The advantage of the AFM/STM over electron microscopes is that 
it is possible to measure in the 2 -axis in addition to both the x-axis and 
y-axis. In this way it is possible to get a three-dimensionally resolved 
image of a surface. Furthermore, using the AFM it is possible to meas- 
ure interfacial forces between surfaces in both gaseous and liquid 
environments. For example, Brant et al. [2002 and 2004] used an 
AFM to characterize the surface morphology of water-treatment mem- 
branes and to subsequently measure the interfacial forces between the 
membrane surface and various nanoparticles. This information may 
then be used to either optimize or prevent particle attachment to a 
given surface as in groundwater transport processes or engineered 
systems. 

Although originally conceived as an imaging device, because the oper- 
ating principle of the AFM is based on the measurement of force between 
a small tip and a surface with piconewton sensitivity, this method can also 
be used to characterize interactions between surfaces and nanomaterials. 
Force is measured by recording deflection of the free end of a cantilever 
as its fixed end approaches and is subsequently retracted from a sample 
surface. The interaction force occurring between the AFM probe and the 
sample surface is then calculated according to Hooke’s law ( F = kA z) 
where F is the force; k is the cantilever spring constant; and A 2 is the ver- 
tical deflection of the cantilever. A positive vertical deflection indicates 
repulsion while a negative one indicates attraction. Figure 4.14 represents 
a typical force curve generated by an AFM, where force is plotted as a func- 
tion of separation distance ( h ). Initially the colloid probe is far from the 
sample surface and no force is detected (a). As the probe approaches the 
surface it encounters some type of force (repulsive or attractive) before con- 
tacting the surface (b). The probe is then pressed against the sample sur- 
face until a preset loading force is reached, and then the probe is retracted 
(c). The pull-off force is measured as the force required to separate the two 
surfaces (maximum negative deflection) (d) and is used to approximate 
the strength of adhesion between the two surfaces. 

A significant advantage of the AFM over other force measuring tech- 
niques, is its ability to operate in either air or water [33]. AFM force 
measurements may be carried out using either a standard silicon nitride 
tipped cantilever or a probe with attached material such as a colloid or 
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Figure 4.14 AFM force as a function of separation distance on approach (a-c) and 
retraction (c-d) from the surface. 



nanoparticle [31, 32, 34]. By attaching nanomaterials such as a single-wall 
nanotube, information on interacting forces between the nanomaterial 
and an approaching surface may be measured directly. Alternatively, a 
colloid probe can be attached to the AFM tip and used to measure inter- 
actions with a lawn of deposited nanomaterials. Measured AFM force 
curves are then related to hypothetical interfacial forces arising from 
hydration, electrostatic repulsion, Lifshitz van der Waals energies 
(Hamaker constant), and acid-base interactions. This is accomplished 
by modifying the solution chemistry to isolate the specific interactions 
or properties of interest. For example, the Lifshitz van der Waals sur- 
face energy component of the nanoparticles can be determined by per- 
forming AFM force measurements in purely apolar solvents (e.g., 
cyclohexane) [36]. By measuring the interfacial interaction in a non- 
polar solvent, both acid-base and electrostatic interactions are 
eliminated, thus isolating the van der Waals component. The Hamaker 
constant for the system (see Chapter 7) is proportional to the AFM 
measured force and the square of separation distance. Therefore, the 
Hamaker constant may be calculated as the gradient of a plot of 
the square root of Force versus separation distance for the sphere-plate 
geometry represented, for example, by a colloid probe approaching a 
nanomaterial lawn. 

Sample Preparation. For AFM-type measurement, no special sample 
preparation is required other than fixation to a sample stage, typically 
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a small circular metal disk. Nonconducting carbon tape is commonly 
used for these purposes. One of the distinct advantages of AFM is that 
measurements may be carried out in both air and water. For analysis 
of powder materials they must be deposited onto a surface and fixated 
to prevent movement during imaging. 

Limitations. Samples for AFM analysis are generally constrained to 
rather smooth samples with average roughness values of less than 
around several microns. This constraint results from the need to main- 
tain contact between the scanning probe and the surface and limitations 
in the change in height that the probe can accommodate. Particles in 
size from around 1 p,m to several 10s of microns may be attached to AFM 
cantilevers for force measurements. The minimum particle size contin- 
ues to decrease with improving methods of particle attachment. For 
example, nanotubes are now being used as tethers for attaching parti- 
cles to cantilevers serving to reduce the minimum particle size. The 
principle constraint here results from the use of epoxy to fix the parti- 
cle to a tipless cantilever. Below a critical size the epoxy covers the 
sample particle and thus alters the interaction chemistry. 

Form and size characterization 

Form and size of nanoparticles can be determined using various tech- 
niques, but scattering techniques are particularly well adapted for this 
purpose. 

Scattering experiments. Scattering experiments may be used to char- 
acterize particle suspension in situ. Light or X-ray scattering experi- 
ments maybe used to measure the size, shape, agglomeration state, and 
dynamic properties (diffusion coefficient) of nanoparticles in a sample. 
These properties are averaged over the whole scattering volume, and 
thus over a large number of nanoparticles or nanoparticle aggregates. The 
statistical relevance and the nondestructive in situ nature of scattering 
experiments represent significant advantages of these techniques over 
the electron scattering techniques previously discussed. The operating 
principles of a typical scattering apparatus are illustrated in Figure 4. 15. 
One monochromatic beam (photons or neutrons) is incident on a sample. 
Typically, both the incident and scattered beam are shaped by optics 
adapted to the radiation characteristics (e.g., apertures, slits, and lens). 
Part of the incident beam crosses the sample unaffected and some is scat- 
tered. A detector measures at an angle 6 the scattered intensity 1(6, t). The 
volume illuminated by the incident beam and analyzed by the detector 
is the scattering volume V. 

From the general experimental setup shown in Figure 4.15, three dif- 
ferent types of measurements can be performed: dynamic, static, and 
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Figure 4.15 Illustration of the scattering principle upon which most scattering 
techniques and apparatuses are based. 



calibrated light scattering. Static scattering measures the value of 1(0, t) 
averaged over a period of time t, typically as a function of 0. Static 
scattering measurements can be used to obtain structural information 
such as size, shape, and agglomeration state. Dynamic scattering meas- 
ures the instantaneous values of I(t) over time at a fixed angle, 0. The 
variability in scattering over time gives information on the diffusion 
coefficient due to Brownian motion of the scattering nanoparticles in 
suspension. Dynamic scattering is thus an indirect measurement of 
particle size, shape, and interactions. The third type of information 
given by scattering experiments is obtained by the calibration of the 
measured intensity to obtain the quantitative average number of scat- 
tered photons per unit solid angle [Thill et al., 2002]. This method 
yields, with almost no approximations or model assumptions, physical 
quantities such as the volume or specific surface averaged over the 
whole sample. Different radiation sources used for scattering experi- 
ments can yield complementary information on the sample. Light scat- 
tering is associated with variations in dielectric properties (or refractive 
index) [Berne and Pecora, 1976; Berne, 1996], X-rays are scattered by 
electrons [Berne, 1996; Glatter and Kratky, 1982], and neutrons are 
scattered by nuclei [Higgins and Benoit, 1994], 

Static scattering experiment 

Absolute scattered intensity. When a flux N 0 (counts/s) of photons or neu- 
trons is incident on a sample (volume V and thickness e s ) then a part of 
the flux AN( u, Afl ) is scattered in a direction u with a solid angle Ail: 



AN(u,AQ) = N 0 T(e s IV)daldn(u)Af 2 



(8) 
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where da /dil(u) is the differential scattering cross-sectional area (m 2 ). 
This cross section is characteristic of the interaction between the mate- 
rial and the incident beam. The scattering intensity by a sample is the 
differential scattering cross section per unit volume and is expressed as 
the inverse of a length (nU 1 ). 

I = 11V da/d il(u) = AN/(N 0 Te s Ail) (9) 

This quantity is experimentally accessible, provided that the thick- 
ness e s is known and the transmission T is measured with the scatter- 
ing properties AN/(N 0 Ail). If the exact composition of the sample is 
known, e s can be deduced from the transmission measurement accord- 
ing to the following relationship: T = AN(0)IN 0 = e ^ e , where p* is the 
absorption coefficient, which depends only on the scattering volume 
composition. 

The experimental setup directly measures a differential scattering 
cross section per unit volume if the detector geometry is well defined 
(Ail) and if the same detector is used to measure the direct beam (N 0 ) 
and the scattered beam (AN). Some experimental configurations have 
become standard, as for example the Bonse-Hart Ultra Small Angle 
X-ray Scattering apparatus, where the same punctual detector is 
scanned from the direct beam to the scattered beam and because Ail is 
precisely defined by the optics before the detector. Generally, however, 
a standard must be used to calibrate the instrument. For X-ray scat- 
tering, a practical standard is pure water. Indeed, the scattering of pure 
water is related to its isothermal compressibility xt and is well defined 
(I = 0.016 cm -1 ). The transmission of pure water also gives the thick- 
ness as the mass attenuation coefficient for this medium, which is known 
(g7p( water) = 9,91 cm"/g at 8 keV). Using water as a standard, however, 
requires highly sensitive instruments. Other standards with known 
da/ dil values may also be used. For light scattering, pure liquids can 
be employed (benzene is often used for these purposes) or for less sen- 
sitive low angle light scattering instruments, calibrated pinholes can be 
used as a standard [Thill et al., 2002]. 

General expression of the scattering intensity. F or an incident radiation source 
of wavelength A. the incident beam has a wave vector k t of amplitude 
| kj | = k t = 22ttI\. The scattered wave vector k d making an angle 6 with 
k t has the same amplitude for an elastic scattering process and defines 
a scattering wave vector q = k d -k L Thus, the amplitude of the scat- 
tering wave vector is q = 4 ttIA sin(0/2). A static scattering experiment 
yields structural information on the dispersed phase at a typical spa- 
tial scale of II q. For nanoparticles, the interesting range of scattering 
wave vectors is 10 2 to 1 nm 1 . This range is observable for reasonable 
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angles for very small wavelengths that are typical of X-rays and neu- 
trons (X ~ 0.1 nm). Thus, the following notations, also very general, are 
more adapted to X-ray scattering. 

The scattering amplitude, A(q), from a scattering volume, Vis: 



A(q) 



p{r)e- iqr dr 
J V 



( 10 ) 



where -qr gives the phase shift between two scatterers separated by 
the vector r and p(r) is the density of scattering length. The density of 
scattering length is p(r) = XiP,0')VPi( r ) P;( r ) being the local density of scat- 
terers of type i and 6, is the scattering length. In the case of x-rays, the 
photons interact with all the electrons in the sample. Thus, the scat- 
tering length is the Thomson scattering length of a single electron b e = 
e 2 /(4 TTe 0 mc 2 ) = 0.282 10 14 m and p-Jyr) is simply the local density of elec- 
trons in the scatterers p e (r). The scattering intensity per unit volume is 
given by the following expression: 



m 



A(g)A'(q) 

V 



( 11 ) 



Sample preparation. No particular limitations exist for the type of media 
that can be analyzed by SAXS. The sample can be in a solid, liquid, or 
gaseous phase. For liquids or gases, the sample must be put in a 
container that has windows to allow for a beam path. It is further nec- 
essary that the container walls that compose the window do not inter- 
act with the X-rays. Thin plastic sheets, thin mica sheets, or beryllium 
are some typical materials used as windows. The thickness of the sample 
is the most critical parameter. It has to be large enough so that the 
X-rays can interact with the matter and thin enough so that both 
the incident beam and scattered beam can cross the sample. A good 
criterion for choosing the sample thickness is when it is possible to 
detect a transmitted beam. Indeed, from Eq. 9, it can be shown that the 
quantity of scattered photons is proportional to eT, where e is the sample 
thickness and Tis the transmission. As e ~ ln(l/T), the optimal trans- 
mission is obtained for the maximum value of T ln(l/T) which is 
obtained for T = 0.36. For example, with an 8 keV incident X-ray beam, 
in the case of water (pr = 10 cm"/g, r = 1 g/cm 3 ), the maximum scat- 
tered signal will be measured for a thickness of e = ln(l/0.36) / (10 * 1.) ~ 
0.1 cm; for cerium oxides (p*r= 290 cm 2 /g, r = 6.5 g/cm 3 ), optimum thick- 
ness falls down to e = ln(l/0.36)/(290~6.5) = 5 pm. 



Scattering by a nanoparticle dispersion. We now consider calculation of scatter- 
ing for a solvent of homogeneous scattering length density rsol containing 
N nanoparticles with a homogeneous scattering length density rnp. For 
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a single nanoparticle, we can rewrite Eq. 11 as: 



A{q) 



Vn P Pn P e ( - iqr) dr + 



VsoiPso / iqr) dr 



( 12 ) 



The scattering amplitude of this system can be rewritten in terms of 
the scattering length density contrast between the nanoparticles and 
solvent Ap = p np - p sol : 



A(q) 



Vn P Pn P e { iqr) dr + 



Vsol Psofe q dv 

. 



(13) 



The last term of Eq. 12 is only present at q = 0 and can be removed for 
practical purposes. The scattering amplitude of a single nanoparticle is 
then only dependent on the electronic density contrast between the 
nanoparticles and solvent. The intensity can be written as: 



A(q) = A(q)A'(q) 



A p 2 e ( ~ iq(r ~ v)) drdv 

J JVnp 



(14) 



For dilute suspensions of nanoparticles, the intensity per unit volume 
is obtained by summation of the scattering from each nanoparticle and 
is often written as: 



I(q ) = yVZ p P(q) = <pVnpP(q) (15) 

where P(q) is the normalized form factor which is defined as: 



P(q) 



1 ' 

V 

v np J 



A p 2 e ( - iQ(r ~ v)) drdv 

JVnp 



(16) 



The form factor P(q) is characteristic of the shape and scattering 
length density contrast of the nanoparticle. For example, the form factor 
of a spherical particle can be obtained as a function of the scattering 
wave vector amplitude by: 



r,/ x * 2 / 3[sin(qr) - grcos(qr)] 

P{q) = Ap 2 — g 

V ( qrf 

When particles are interacting through long-range forces in dilute sus- 
pensions or simply by collision in a concentrated suspension, the scatter- 
ing of the different nanoparticles is no longer independent and interferences 
between nanoparticles must be accounted for. It can be shown that the scat- 
tering intensity of the unstable suspension can be rewritten as: 




I(q) = 4 > V np P{q)S{q) 



(18) 
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where S(q) is the structure factor accounting for the correlation between 
the nanoparticles. 



S(q) = 1 + 



AflAAVi 



(19) 



A detailed quantitative analysis of the structure factor goes beyond 
the scope of this book. However, a qualitative description of the struc- 
ture factor can give useful information on the state of the nanoparticle 
dispersion. The value of S( 0) is proportional to the average mass of the 
nanoparticle aggregates and the colloidal liquid compressibility. For a 
dilute suspension, S(q) = 1. For stable nanoparticle suspensions, the 
limit of S(q) when q approaches zero is less than 1. For unstable 
nanoparticle suspensions, S(q) is larger than 1 when q approaches zero. 

Limiting behaviors of the form factor. In the limit of forward scattering and 
for dilute nanoparticles suspensions, the form factor can be approxi- 
mated as an exponential: 



I(q) Opart*- 




( 20 ) 



where R G is the radius of gyration of the nanoparticle. This regime of 
forward scattering is called the Guinier regime and is valid for qR G < 1. 
In the limit of very large q, and provided that a perfect interface exists 
between the nanoparticles and the solution (i.e., no surface rugosity), 
then the following limit is observed: 



lim 9 ^ 0= /(g) 



2t 7(A p ) 2 S 
q 4 V 



( 21 ) 



where Ap is the scattering length density contrast between the nanopar- 
ticles and the solvent, S, is the total surface area of the nanoparticles, 
and V is the scattering volume. This approximation allows the specific 
surface area of a nanoparticle to be measured. When the suspension is 
concentrated or if the solution is bicontinuous, the same formula holds. 
This large angle regime is called the Porod regime. The specific surface 
of the particles is conveniently extracted using a I(q)q 4 vs. q plot as 
shown in Figure 4.3. 

Example SAXS experiment. As an illustration of these principles, let us con- 
sider an example of the information that may be obtained through small 
angle X-ray scattering (SAXS) by a suspension of Ce0 2 nanoparticles. 
Our goal is to characterize concentration, size, and shape of the nanopar- 
ticles in the suspension. The initial nanoparticle suspension is made by 
peptisation of 38 g of a powder with raw formula Ce0 2 (NO 3 ) 0 5 (H 2 0) x 
mixed with 30 g of poly acrylic acid (C 3 H 4 0 2 ) n and a molar mass of 
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2000 g/mol (i.e., n~ 28) in 1 L. The density of the resulting solution is 
1.06 g/cm 3 . First, the solution is mounted in a variable light path X-ray 
cell for measuring its transmission as a function of its thickness. The 
transmission T of a monochromatic X-ray beam obeys the following 
relationship: 



— = e^* /pe (22) 

Io 

where p,/p is the mass absorption coefficient (cm 2 /g), e = dp d is the thick- 
ness, and p the density. The mass absorption coefficient is tabulated for 
each atom at all X-ray incident energies. (The mass absorption coeffi- 
cient can be found on the NIST website http://www.nist.gov). For a mix 
of compounds, the average mass attenuation coefficient is obtained with 
the following formulation: 



= Xx^Pk (23) 

where x, is the mass fraction of compound / .For the cerium solution, we have 
x P owder = 38/1060 = 3.58 10 2 ; x PAA = 30/1060 = 2.83 10 2 ; and x water = 
1— Xp 0W der = 0.9242. The mass attenuation coefficient of the powder and 
water are respectively 179.88 and 9.83 cm 2 /g. Thus, according to Eq.17, 
the solution has a mass attenuation coefficient of 15.9 cm 2 /g. Figure 4. 16 
shows the comparison between the experimental measurement of the 




Figure 4.16 Experimental and theoretical transmission through a 38 g/1 Ce0 2 nanopar- 
ticle suspension. 
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transmission obtained by dividing the measured transmitted intensity 
I by the incident beam intensity I 0 with the result of Eq. 22 using |a*/p = 
15.9cm"/g and p = 1.06 g ■ cm~ 3 . 

The scattered intensity as a function of the scattering vector q 
obtained for this NPs solution is shown in Figure 4.17. The plain line 
in this curve is a fit using Eq. 24 of the scattering intensity using the 
form factor of an ellipsoid of revolution. 

I(q) = <l>VAp 2 P(q) (24) 



where P(q) is the form factor of an ellipsoid, Vis the volume of the ellip- 
soid, (f> is the volumetric fraction of the ellipsoid in solution, and Ap is 
the scattering length density contrast between Ce0 2 and water (= 4.26 
10 n cm~ 2 ). The form factor of the ellipsoid is calculated according to the 
following expression: 



V 2 3[sin (qR e ) - qR e cos (qR e )] 
o ( qR e f 



sin ( a)da 



(25) 



where R e = 7r!\/sin 2 a + eps cos 2 a and R, R and sR are the semi-axes 
of the ellipsoid. 

Figure 4.17 clearly shows a very good agreement with the experi- 
mental data. The model is very sensitive to variation in size, aspect 




Figure 4.17 Scattering intensity measured for a 38 g/1 suspension of Ce0 2 nanoparticles. 
The red line is the best fit using an ellipsoid model with the parameters: R = 3.5 nm, e = 
0.26 and p^, = 7.13 g/cm 3 . 
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ratio of the ellipsoid and agglomeration stage. Even slightly agglomer- 
ated nanoparticles would have displayed a strong increase of the scat- 
tering intensity in the low q region. In summary, using small angle 
X-ray scattering, information on the size, shape, and interaction between 
nanoparticles in solution can be obtained, even at high concentration 
suspensions. However, this method is not well-adapted for characteri- 
zation of complex mixtures or very small nanoparticle concentration. 

Light scattering. The same experiment as for small angle X-ray scat- 
tering can be performed by light scattering. However for the visible 
light wavelength, the particles that can be successfully analyzed by 
static light scattering are of course much larger (more than 100 nm). 
Figure 4.18 shows the effect of adsorbed nanoparticles on Synecocystis 
bacteria. We see that once a specific coverage of the bacteria by Ce0 2 
nanoparticles is reached, the bacteria rapidly aggregate. 

To observe nanoparticles in suspension, a different approach has to be 
performed. The Brownian motion of nanoparticles can be used to meas- 
ure their radius by dynamic light scattering (DLS). When a monochro- 
matic light source interacts with one nanoparticle whose size is small 
compared to the light wavelength, the beam is scattered in all direc- 
tions. When two nanoparticles are scattering the same incident beam, 
the total scattering detected in one point of space also depends on the 
interference between the scattered light of the two nanoparticles and 
therefore of their respective distance. For an ensemble of nanoparticles, 




Figure 4.1 8 Small angle light scattering measurements of Synecocystis bacteria before 
and after contact with 50 ppm Ce0 2 nanoparticles. The bacteria in contact with the 
nanoparticles form aggregates. (Courtesy of 0. Zeyons) 
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the scattered intensity observed on a screen shows an ensemble of bright 
and dark points, which are commonly referred to as speckles. If the 
nanoparticles are immobile in the solution, the speckles are fixed on 
the screen. However, as a result of Brownian motion, the intensity on the 
screen fluctuates due to variations of the interference part of the scat- 
tered intensity. These fluctuations are directly related to the diffusion 
coefficient of the nanoparticles. 

The signal is analyzed by a correlator to obtain the intensity auto- 
correlation function C(r) + ( I(t)I(t + t)). When r = 0, C(r) is simply 
<I(t) 2 >, but when r is sufficiently large, lit) and lit + t) are completely 
uncorrelated and C(r) = <I(t)> 2 . The characteristic time required for the 
autocorrelation function to go from <I(t) 2 > to <I(t)> 2 is related to the dif- 
fusion coefficient of the nanoparticles. Therefore, for relatively dilute 
suspensions of noninteracting and monodisperse nanoparticles the fol- 
lowing relationship is true: 



C(t) = e- Tr (26) 

where F = Dq 2 and D is the Stokes-Einstein diffusion coefficient 

kT 

D = f r^. For a poly disperse nanoparticle suspension, the autocorrela- 
tion function is then: 



C(r) 



P(D)e~ Dq * T dD 



(27) 



where P(D) is the normalized intensity weighted diffusion coefficient dis- 
tribution function. Several algorithms exist to extract P(D) from the 
correlation function. So, in principle, information about the particle size 
distribution in a polydisperse suspension can be obtained. 

For concentrated and/or interacting nanoparticles, the diffusion coef- 
ficient is modified due to the hydrodynamic and thermodynamic (attrac- 
tion and repulsion) interactions between the neighboring nanoparticles. 
The motion of the nanoparticles is then strongly coupled and the cor- 
relation function is no longer a simple exponential law. For typical par- 
ticle size measurements, the suspension is diluted such that interparticle 
interactions are negligible. Therefore, dynamic light scattering is not 
suited for concentrated samples or complex mixtures where the parti- 
cles are likely to be interacting with one another. 

X-ray diffraction. The influence of particle size on the X-ray diffraction 
pattern is quite important. The main size effect relates to the width of 
the diffraction peaks for particles smaller than 50 nm (Figure 4.19). 
The size of the crystallites can then be determined from the diffraction 
pattern using the Sherrer formula (Eq. 1). 
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Figure 4.19 X-ray diffraction patterns (X CuKa = 1.5406 A) 
of maghemite particles synthesized at different pHs with 
1 = 1 mol 1 _1 (T = 25°C; 8-day aged suspensions) com- 
pared with large crystals. (Adapted from Jolivet et al., 

2002) 

Raman. The Raman spectra for nanoparticles is modified, compared to 
that measured for larger particles, as a result of phonon confinement 
[see, for example, Richter et al., 1981]. In the model developed to ana- 
lyze the modification of the Raman peaks for nanocrystalline materials, 
the nanoparticles are considered as an intermediate case between a 
perfect infinite crystal and an amorphous material. The development of 
this model indicates that the Raman line of a perfect crystal is modified 
for nanoparticles by producing asymmetric broadening and peak shifts. 
For example, for Ti0 2 , the Raman peak at 142 cnh 1 measured for large 
crystals shifts to 146 cm 1 for 8 nm particles and to 148 cm 1 for 5 nm 
particles. Simultaneously, the FWHM increases from 10 to 18 cm -1 
[Kelly et al., 1997]. In separate experiments, Choi et al. [2005] observed 
a similar effect when examining Ti0 2 anatase nanoparticles on the peak 
at 142 cm -1 . 

XAS. For a detailed description of the application of XAS for charac- 
terizing materials as a function of size, the reader is referred to the lit- 
erature [see, for example, Greegor and Lytle, 1980; Jentys, 1999]. XAS 
can be used to characterize the size and shape of metallic nanoparticles. 
The parameter primarily reflecting the size and shape of metal parti- 
cles is the average coordination number, since when small clusters are 
examined by EXAFS the apparent average coordination number is 
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Figure 4.20 Average coordination 
of the first and third coordination 
spheres as a function of the size of 
the fee particles. (Adapted from 
Jentys, 1999) 



smaller than that observed in the bulk metal because of the high pro- 
portion of surface atoms. This effect is dependent on the size and shape 
of the metal cluster. However, the estimation of particle geometry relies 
on an accurate description of the relation between particle size/shape 
and the average coordination number [Greegor and Lytle, 1980; Jentys, 
1999]. In the case of fee metal it has been shown that the coordination 
number for the first and second coordination spheres are sensitive to the 
size of the cluster up to 20 nm (Figure 4.20). For larger particles the 
uncertainty on the coordination sphere determined by EXAFS is too 
high to accurately determine the size. The average coordination number 
of the third coordination sphere (N3) is more sensitive to the size of 
larger objects, but determining accurately the third coordination sphere 
requires a scan of EXAFS spectra at a high k value (up to 20 A -1 ) 
[Frenkel et al., 2001], which is not always possible. 

Because metal oxides display a multitude of different crystal struc- 
tures, no general correlation between EXAFS coordination numbers 
and average particle size/morphology has been published [Fernandez- 
Garcia et al., 2004]. In fact, information can only be obtained for spe- 
cific minerals (e.g., lepidocrocite (FeOOH) [Rose et al., 2002], 

XANES can in some cases be used to determine the nanoparticle size. 
Indeed, the LIII white line for 5d metals (Pt . . . ) is at the center of elec- 
tronic charge transfer between metals that are present inside the clus- 
ter. Bazin [Bazin et al., 1997] showed that a strong correlation exists 
between the intensity of the white line and the size of the Pt cluster. But 
the quantitative correlation between size and XANES shape remains 
difficult. 

EXAFS has been successfully applied to determine the size and 
structure of polycations during metal hydrolysis and the formation of 
gels or nanoparticles. Additional examples include iron [Combes 
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Figure 4.21 Examples of 3D Fe clusters and their corresponding coordination 
numbers (N Fe _ Fe @3 A = number of edge sharing, N Fe _ Fe @ 3.45 A = number of 
double corner sharing). 



et al., 1989; Bottero et al., 1994; Rose et al., 1996; Rose et al., 1997], 
chromium, [Jones et al., 1995; Roussel et al., 2000], gallium [Michot 
et al., 2000], titanium [Chemseddine, 1999], and zirconium [Turillas 
et al., 1993; Helmerich et al.; 1994, Peter et al., 1995], In the case of 
iron chloride, for instance, the very first steps of iron octahedra 
polymerization due to a pH increase (i.e., evolution of the hydrolysis 
ratio = [OH]/[Fe]) were determined. In fact, the Fe-Fe interatomic dis- 
tances can be associated to iron octahedra linkages (face, edge, double 
corner, single corner sharing). Moreover, the number of neighbors at 
a given distance is associated to the length of iron octahedra poly- 
mers. Theoretical values for N for a number of different iron clusters 
are reported in Figure 4.21. 

The use of XAS at the Fe K-edge can be used to characterize the dif- 
ferent early polymerization steps of a metal salt (Figure 4.22). Using this 
tool it is possible to visualize the arrangement of iron clusters as they 
undergo hydrolysis. 

Microscopy. Both SEM and TEM imaging may be used to determine 
particle size distributions and shapes. There exists a large body of lit- 
erature on the use of SEM and TEM in particle characterization. 
However, because the particles in any given SEM or TEM image only 
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Polymerization 




Figure 4.22 Nucleation steps during the hydrolysis of FeCl 3 .6H 2 0 solu- 
tions as a function of the hydrolysis ratio R. 



represent a small fraction of the total particle population, these meas- 
urements are not statistically accurate. Nevertheless, various software 
packages dedicated to image analysis can be used to automatically 
measure and analyze the size and shape of a high number of particles 
in a single image as illustrated in Figure 4.23. 

For example, Marm-Almazo et al. [2005] used TEM to determine the 
size distribution of rhodium nanoparticles. The image analysis indicated 
that the nanoparticle size distribution followed a Gaussian form with a 
mean particle size in a range of 1 nm to 3 nm, however with a high pref- 
erence for the very small nanoparticles, around 1.5 nm. The advantage 
of scattering techniques is the level of detail that they can provide regard- 
ing particle size and structure. 
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Figure 4.23 SEM image and the associated contrast picture and size distribution of a par- 
ticle suspension. 



Surface Physico-Chemical Properties 

Physical and chemical properties such as particle charge, size, chemi- 
cal composition, and surface functionality are often linked. These char- 
acteristics may be modified, intentionally or unintentionally, through 
adsorption of species on the particle surface (Chapter 10) and particle 
aggregation (Chapter 7). 



Surface charge characterization 

Operating principle. Surface charge is a key parameter controlling the sta- 
bility of nanoparticle dispersions. In polar solvents, surfaces may have 
a charge of a specified density cr that can be approximated by a poten- 
tial if/ . Depending on the type of material, the surface charge can vary 
as a function of pH as is the case for oxide minerals. For some miner- 
als (like clays), fixed charges exist that are added with the pH depend- 
ent charges to give the total surface charge. Sources of pH dependant 
charge are the protonation and deprotonation of functional groups, while 
fixed charges result from crystal lattice defects and atomic substitution. 
In an aqueous medium, a diffuse electrical double layer will form at the 
solid-liquid interface as ionic species are attracted to the charged sur- 
face. Ions with a same charge compared to the nanoparticle surface are 
repelled from the surface, while those ions having the same charge are 
attracted to it. This effect decreases from the charged interface with a 
characteristic length k 1 (the Debye screening length) depending on the 
solution ionic strength and composition. Various techniques can be used 
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to determine particle surface charge. First the charge can be assessed 
using a proton as an atomic probe, by titrating a suspension of particles. 

The charge can also be determined indirectly by determining the zeta 
potential (0 of the particles. The zeta potential is the electrical potential 
that exists at the “shear plane” at some distance from the particle sur- 
face. It is derived from measuring the electrophoretic mobility distribu- 
tion of a dispersion of charged particles as they are subjected to an electric 
field. The electrophoretic mobility is defined as the velocity of a particle 
per electric field unit and is measured by applying an electric field to the 
dispersion of particles and measuring their average velocity. Depending 
on the concentration of ions in the solution, either the Smoluchowski (for 
high ionic strengths) or Huckel (for low ionic strengths) equations are used 
to calculate the zeta potential from the measured mobilities. For very 
small particles the mobility is generally determined using laser Doppler 
velicometry. 

It is essential to determine the modifications of the surface charge 
(or zeta potential) as a function of pH and ionic strength. By doing so, 
it is possible to determine the point of zero charge (PZC) or isoelectric 
point (pH iep ) for a sample. This is significant because nanoparticle sus- 
pensions are generally stable above and below the pH point of zero 
charge <pH pzc > while the relationship with ionic strength is somewhat 
similar. 

Application in the particular case of nanoparticles. For biological tests, knowl- 
edge of the particle PZC is crucial as it relates to the stability or propen- 
sity to aggregate of the sample. The importance of this concept may be 
illustrated by considering cytotoxicology experiments conducted with 
fibroblasts cells and nano-maghemite. Here, the PZC of the nano- 
maghemites is around pH 7, which is close to the solution pH used 
during experiments looking at nanoparticle-cell interactions (DMEM, for 
example). Adding 8 nm nano -maghemite to a DMEM nutritive medium 
results in aggregation of the nano -maghemite, with the particle size 
approaching several tens of microns (Figure 4.24). 

In order to increase the stability of nanoparticles, their surface 
chemistry is often modified through functionalization or polymer 
encapsulation to modify their surface charge. In the case of nano- 
maghemites, the adsorption of DMSA (dimercaptosuccinic acid) at the 
maghemite surface strongly modified the surface charge leading to a 
stable dispersion in the nutritive medium. The DMSA is fixed through 
the SH group at the maghemite surface. Therefore, the external part 
of the DMSA-covered maghemite corresponds to the carboxylic group 
of the DMSA. At pH 7, the carboxylic groups are negatively charged 
resulting in repulsive electrostatic forces between the various parti- 
cles (Figure 4.25). 
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Figure 4.24 Evolution of the size of nano-maghemite nanoparticles 
in DMEM nutritive medium (pH = 7.4) measured by Photon 
Correlation Spectroscopy (PCS). (Courtesy of Melanie Auffan) 
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Figure 4.25 Stability of a DMSA-coated nano-Fe 2 0 3 sus- 
pension as a function of their concentration in an abiotic 
supplemented DMEM (contact time = 48 hr). (Courtesy 
of Melanie Auffan) 
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Evolution of the oxidation state 
at the surface 

For metallic and some oxide nanoparticles, the oxidation state of ele- 
ments composing the objects might evolve at the surface. Many of the 
techniques previously described in this chapter may be used to probe the 
evolution of the elemental oxidation state. Some techniques, however, 
like X-ray photoelectron spectroscopy (XPS), can be used to specifically 
probe the surface or near-surface region. 



X-ray photoelectron spectroscopy (XPS) 

Operating principle. XPS is based on the measurement of the energies of 
photoelectrons emitted as a result of the interaction between an incident 
X-ray beam with matter. As it measures the energies emitted from pho- 
toelectrons, XPS is classified as an electron spectroscopy technique. The 
main difference between electron and X-ray spectroscopies is the depth 
to which the surface is characterized. For example, electrons travel 
through a extremely short distance in a solid before losing their energy, 
while X-rays penetrate deeper into the solid matrix. Therefore, XPS is a 
surface or near-surface sensitive technique, as it is sensitive to a depth 
of between 1 to 5 nms. On the other hand, X-rays are used to character- 
ize the bulk structure. However, for nanoparticles smaller than 20 nm, 
XPS can also be considered as a bulk sensitive technique! 

Sample preparation. XPS is classified as a surface sensitive technique, but 
only for relatively large surfaces. For analysis of nanoparticles with XPS, 
the best preparation method is to deposit them on a clean and flat surface. 
More than for TEM, XPS requires an ultra-high vacuum chamber. It is 
therefore important to dry the system before analyzing it using XPS. 
When examining interactions between nanoparticles and living cells, 
sample preparation can be quite complicated as it is imperative to avoid 
any chemical modifications during drying (e.g., oxidation). Samples with 
large surface areas, or with volatile components, should ideally be dried 
and placed in a vacuum chamber prior to insertion into the XPS equipment. 

Application to nanoparticles. The ejected electrons correspond to core pho- 
toemission. The core level peaks for a given atom can exhibit different 
binding energies due to symmetry or oxidation state effects. In particu- 
lar, core-level photoemission can be very sensitive to changes in the oxi- 
dation state of an element. As an example, for Ti0 2 optical irradiation can 
lead to the formation of charge carriers by optical absorption across the 
band gap. These charge carriers can directly participate in redox processes 
on the Ti0 2 surface. XPS can distinguish the different Ti oxidation 
states — that is, the Ti2p 3/2 photoemission varies from 455.3 eV for TiO 
(Ti 2+ ) to 456.7 eV for Ti 2 0 3 (Ti 34 ), 457.6 eV for Ti 3 0 5 (2xTi 3+ , Ti 44 ), and 
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458.8 eV for Ti0 2 (Ti 44 ) [(Song et al., 2005]. In the case of Mo metallic 
nanoparticles, XPS can probe for surface oxidation. Indeed, the two peaks 
of the 3D photoemission vary from 231.6, 228.3 eV to 235.8 and 232.7 eV 
for metallic and 6+ Mo oxidation state. The presence of the 235.8 and 
232.7 eV peaks fingerprint the oxidation of Mo nanoparticles [Song, 2003]. 

Bulk redox sensitive spectroscopies. X-ray absorption spectroscopy and 
Mossbauer spectroscopy are redox sensitive techniques. The information 
is not specific from the surface or near surface region. Therefore if a 
modification of the oxidation state of the nanoparticles occurs it is almost 
impossible to attribute it to a bulk or surface oxidation. Moreover, if oxi- 
dation occurs at the surface, since both techniques provide information 
from all atoms of the particles, if the fraction of surface atoms is low 
(large particles) the signal will not be affected. XAS and Mossbauer can 
only determine the evolution of surface oxidation state for small parti- 
cles (<20-50 nm) as soon as the fraction of surface atoms is higher than 
15-20 percent. 

For example, Raj Kanel et al. [in press] have determined the kinet- 
ics of iron oxidation during arsenic(V) removal from groundwater using 
nanoscale zerovalent iron (ZVI). The average particle size measured 
using TEM images was 30 nm. Mossbauer spectroscopy results con- 
firmed that even before any contact between ZVI and As(V) solution, that 
19 percent in mass were in zerovalent state with a coat of 81 percent 
iron oxides [maghemite + Fe(OH) 2 ]! (Figure 4.26) The interaction with 
As(V) solutions leads to an increase of the iron zerovalent state as it was 
identified by Mossbauer. 

Using XAS it is also possible to identify the evolution of oxidation 
states for nanoparticles. For example, Thill et al. [2006] were able to 
determine the surface reduction of Ce0 2 nanoparticles when reacted 
with a suspension of Escherichia coli. In this study the nanoparticles had 
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Figure 4.26 The Mossbauer individual component spectra of 
ZVI illustrating the maghemite, Fe(OH) 2 , and Fe° con- 
stituents. (Adapted from Raj Kanel et al., in press) 
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Figure 4.27 Results from XANES analysis at the Ce LIII edge for Ce 3+ , Ce 4+ , and Ce0 2 
in contact with bacteria. (Adapted from Thill et al., 2006) 



a diameter of around 8 nm with 30 percent of Ce atoms at the surface. 
Using XAS spectroscopy at the Ce LIII edge, it has been demonstrated that 
30 to 40 percent of the cerium was reduced in the biological system. Indeed, 
the Ce <4+) and Ce'’’ 1 XANES spectra are very different (Figure 4.27), allow- 
ing for their relatively easy differentiation. The XANES spectra can be 
decomposed using Gaussian individual components that can lead to a 
quantification of the Ce ' 1 ' I (Ce' + Ce 3+ ) ratio. 

Interactions with water 

Hydrophobicity describes the strength of the interaction between the 
nanoparticle and water. Hydrophobicity may be directly quantified using 
contact angle measurements or qualitatively described using partition- 
ing experiments. Contact angle is the angle measured at the three-phase 
interface made between solid, liquid, and gas phases. Essentially the con- 
tact angle depends on the free energy of cohesion for the solid and liquid 
and the free energy of adhesion between these two phases. The surface 
energy of air is essentially zero and may therefore be neglected. The 
energy balance is illustrated by the Young equation, which states: 

y L cos0 = y s - y L (28) 

where 9 is the contact angle, y L is the total surface free energy for the 
liquid phase, y s is the total surface free energy for the solid, and y SL is 
the free energy of interaction between the solid and liquid. 
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For measuring nanoparticle contact angle two different techniques are 
available. Nanoparticles may be deposited onto a surface to form a lawn 
of particles. Here the deposited nanoparticles form a surface onto which 
the contact angle with different liquids may be measured. This technique 
requires that the surface formed be smooth and even in order to get 
reproducible results and to minimize the influence of roughness on the 
measured contact angle. Furthermore, this technique gives an average 
contact angle as the surface energies of many particles are contribut- 
ing to the measurement. However, there is no limitation with regards 
to minimum particle size in using this technique, so the contact angle 
for very small nanoparticles may be measured. More precise informa- 
tion may be obtained using an AFM where the contact angle for a single 
nanoparticle with a liquid may be measured. 

Nanoparticle contact angle may be measured based on the equilib- 
rium position (i.e., zero net pressure) of a nanoparticle probe from 
AFM force curves [Yakubov et al., 2000]. The nano-probe is formed by 
attaching or gluing a single nanoparticle to the end of a tipless AFM 
cantilever. The receding contact angle is measured by placing an air 
bubble (diameter ~ 1—1.5 mm) on the bottom of a liquid cell. The 
nano-probe is then brought toward the air bubble. Once the nano- 
probe makes contact with the bubble, a three-phase interface is formed 
(air-liquid-solid) and the capillary force pulls the colloid into the air 
bubble. As the probe is extended further into the bubble, a point is 
reached where the net force acting on the nano-probe is equal to zero 
(Figure 4.28). This zero-force equilibrium position of the nanoparti- 
cle is characterized by a penetration depth D b , which can be directly 
determined from the AFM force curve. Penetration depth is defined 
as the difference between the jump in point and the zero-force posi- 
tion. The receding contact angle may then be calculated according to 
the following relationship: 



cos 6 r = 1 (29) 

R 

where R is the nanoparticle radius. The procedure for determining the 
advancing contact angle is similar to that for the receding contact 
angle. For the advancing contact angle a drop of water (diameter ~ 
1—1.5 mm) is placed on the AFM stage and the nano-probe is extended 
into it. From the penetration depth of the colloid into the zero-force posi- 
tion of the drop surface D d the advancing contact angle may be calcu- 
lated according to: 



D d 



cos 0. 



R - 1 



(30) 
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The limitation of this method for determining nanoparticle contact angle 
falls on the ability to successfully attach the nanoparticle to the end of 
an AFM cantilever. Attaching increasingly smaller particles to AFM 
cantilevers becomes problematic as the epoxy used to glue the two sur- 
faces together may cover or alter the nanoparticle surface chemistry. 
However, as expertise in this area continues to develop and the use of 
other probes such as carbon nanotubes progresses, smaller nanoparti- 
cles (d < 50 nm) may be investigated using this technique. 

The relative hydrophobicity of nanoparticles may be determined by 
measuring their propensity to partition into hydrophobic solvents. In 
these measurements a particle suspension of known concentration is 
prepared by dispersing the nanoparticles in water. This suspension is 
then mixed with a volume of a hydrophobic solvent such as octanol or 
dodecane. The two phases are mixed and subsequently allowed to phase 
separate. The particle concentration in the water phase is measured. The 
relative hydrophobicity may then be expressed in terms of the percent- 
age of the initial nanoparticle concentration that has partitioned into 
the hydrophobic phase. For octanol-water partitioning tests, the rela- 
tive hydrophobicity is expressed in terms of the logarithm of the octanol- 
water partition coefficient (log P), which is defined as: 



where C 0 and C w are the nanoparticle concentrations in the octanol and 
water phases after phase separation, respectively. 



Figure 4.28 Illustration of the methods used to determine the (a) receding and (b) 
advancing contact angle for a nanoparticle, (c) Determination of the zero-force position 
in an AFM force plot. 
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TABLE 4.1 Applicability of Analytical Techniques to Providing Specific Information on Nanoparticles. (Adapted from Oberdorster et al., 2005) 
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Adsorption 

As it has been previously discussed, the chemical reactivity of nanopar- 
ticle surface sites is an important issue for many industrial applications 
as well as for environmental concerns. Chemical reactivity is strongly 
influenced by the large ratio of surface atoms to nonsurface atoms. 
Adsorption properties of nanoparticles from an environmental per- 
spective are discussed in Chapter 10. The adsorption mechanisms of mol- 
ecules or atoms on the nanoparticle surface can be described using many 
of the techniques previously covered and using other techniques such 
as infrared spectroscopy and NMR. 
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Background 

Photoactive nanomaterials can be grouped roughly into two different 
classes: metal oxide or metal chalocogenide photocatalysts such as tita- 
nium dioxide or cadmium sulfide, respectively; and materials that can 
be photosensitized such as chromophores and certain types of fullerenes. 

Semiconductor photochemistry behavior is governed by the band 
gap that can be described as the energy difference between the valence 
band (fermi level highest energy electrons) and the conduction band 
(lowest energy unoccupied molecular orbitals). Light absorbed at wave- 
length less than or equal to the band-gap energy (X < X bg ) of a semi- 
conductor will result in the promotion of an electron to the conduction 
band, and as a consequence, a hole or vacancy in the HOMO state of the 
molecular orbitals is created. Both the promoted electrons and the holes 
can migrate to the surface of the semiconductor and subsequently react 
in aqueous solution to form reactive oxygen species such as superoxide 
(02~ ) and hydroxyl radical (-OH). 

Photosensitizers are sensitized by light, and their electrons are excited 
within the molecular orbitals. Sensitized electrons can behave accord- 
ing to two mechanisms: type I electron transfer involving a donor 
molecule and type II energy transfer involving no reaction. Both of these 
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pathways will potentially produce reactive oxygen species in solution. 
The net effect of both these processes is to convert light energy into oxi- 
dizing chemical energy. 

In engineered systems, oxidation serves many purposes, from elimi- 
nation of potential hazards to improving aesthetic qualities. Chemical 
oxidation may be used in a wide range of applications, such as the break- 
down of organic compounds such as TCE and atrazine, the oxidation of 
the reduced states of metals such as iron(II) and arsenic(III), or the 
inactivation of pathogenic organisms in water treatment. 

Oxidation is an electron transfer process in which electrons from a 
reductant (i.e., an electron donor) are transferred to an oxidant and 
electron acceptor. The thermodynamic constraints or boundary condi- 
tions for electron transfer in aqueous solution are given by the electro- 
chemical potentials or half-cell potentials as illustrated in Eq. 1: 

0 2 + 4H+ + 4e“ 2H 2 0 E& = +1.23 V (1) 

where oxygen, 0 2 , is the electron acceptor in this half-reaction leading 
to the formation of water. The redox potential E H , under standard con- 
ditions, is given as 1.29 volts relative to the standard hydrogen electrode 
(NHE). In the reduction-oxidation (i.e., redox) scale, reduction potential 
values (Eg) are positive for oxidizing species (i.e., oxidants) negative for 
reducing species (reductants). The redox potential for any set of condi- 
tions other than the standard conditions (i.e., concentrations are fixed 
at 1.0 M at a temperature of 298.15 K) can be determined with the 
Nernst equation as follows: 



E h = +1.23 



2.3RT , [H 2 0] 2 

log 

nF [0 2 ][H + ] 4 



( 2 ) 



for any set of concentration conditions where R is the universal gas con- 
stant, T is temperature, n is the number of electrons transferred, and 
F is the Faraday constant. For example, at pH 7 in water, the reduction 
potential of 0 2 given as follows: 



E&(W) = +1.23 - 



2.3RT ! [ a H,o] 2 

log 

nF Pq 2 [10~ 7 ] 4 



+ 0.81 V 



(3) 



where the activity of water, a H9 o = 1 by definition, and the partial pres- 
sure of oxygen, P 02 , gas are by definition equal to 1 for standard state 
conditions. 

Key reduction potentials for the important oxygen-containing species 
are given in Table 5.1. 



Reactive Oxygen Species Generation on Nanoparticulate Material 157 



TABLE 5.1 Standard State Reduction Potentials of Important Oxygen Species Where 
T = 298.15 K, P = 1.0 atm and All Concentrations and Activities (by Definition) Are 
Constant at 1 .0 M 



Oxygen species half-reaction EH (pH 0) 



AG/n (kj mol *) 



O 2 ' 4 H + + 4 e v 2 H 2 O 

O 2 + 2 H + + 2 e v H 2 O 2 

3 02 + e v O 2 ‘ 

3 0 2 + H + + e~ H0 2 

3 02 + e O 2 ' 

0 2 + e 0 2 

OH + e~ OH 

OH + H + + e~ H 2 0 

0“- + H + + e“ HO~ 

HO 2 + e v HO 2 
H0 2 + H + + e~ H 2 0 2 
H 2 0 2 + 2 H + + 2e~ 2 H 2 0 

H 2 0 2 + e“ OH + H 2 0 

0 3 + 2 H + + 2 e v O 2 + H 2 O 

0 3 + e~ Og- 

0 3 + H + + e“ 0 2 + OH 



+ 1.23 


-118.56 


+0.70 


-67.47 


-0.16 


+ 15.42 


+0.12 


-11.57 


+0.83 


-80.01 


+3.20 


-308.45 


+ 1.90 


-183.14 


+2.72 


-262.19 


+ 1.77 


-170.61 


+0.75 


-72.29 


+ 1.50 


-144.59 


+ 1.77 


-170.61 


+0.72 


-69.40 


+2.08 


-200.50 


+ 1.00 


-96.39 


+ 1.34 


-129.17 



For an overall redox reaction, coupling the half-reactions for an oxidant 
with a reductant, we can write the following simple equation: 

Oxj + Red 2 = Red! + Ox 2 (4) 

The corresponding Nernst equation can be expressed in terms of the 
overall redox potential, E rxn , for a given set of nonstandard conditions 
as follows: 



Th 0 

rvn — -thH 



2.3RT } [RedJtOxJ 
nF ° g [OxJtRedJ 



(5) 



The highest occupied molecular orbitals (HOMO) of ground state oxygen 
contain unpaired electrons with parallel spins (Figure 5.1). The paral- 
lel spins are characterized by triplet signal response in an applied mag- 
netic field, while anti-parallel spins have a characteristic singlet 
response in a magnetic field. 

As a consequence of the unpaired, parallel spins in the ground-state 
( 3 0 2 ( 3 X g )) oxygen is paramagnetic. Thus, molecular oxygen (i.e., dioxygen) 
has a triplet spin state. However, most ground molecules in the ground elec- 
tronic state are spin-paired and singlet state. Given “Woodward-Hoffmann” 
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Figure 5.1 The 2p molecular orbitals of the dioxygen molecule. 

Electron spins in the HOMO states for ground-state molecu- 
lar oxygen are compared to spin-paired singlet oxygen and the 
one-electron reduction product, superoxide. 

symmetry constraints, a kinetically favorable reaction occurs when the 
reacting molecules have the same spin state. As a consequence, triplet-state 
oxygen, 3 0 2 , is unlikely to be highly reactive with a singlet-state molecule 
such as propane, CH 3 CH 2 CH 3 , due to the symmetry considerations (i.e., 
the reaction is spin-forbidden), even though the overall thermodynamic 
driving force for a four-electron transfer is highly favorable. In order to oxi- 
dize propane rapidly (i.e., rapid kinetics), ground state oxygen must 
undergo activation or spin-pairing, which can be achieved in a number of 
ways. For example, ground-state dioxygen can be activated simply by near 
IR light as shown in Eq. 6. In contrast, reactive oxygen species (ROS, 
Table 5.1) are substantially more reactive since they have overcome sym- 
metry restrictions. 

0 2 ( 3 2 g ) + hp > 0 2 ( 3 A g ) {A < lOOOnm} (6) 

A primary example of the difference in reactivity between (0 2 ( 1 A g )) 
and 0 2 ( 3 S g ) is illustrated by the difference in rate constants for the 
same reductant. 



0 2 ( 3 X g ) + no 2 no 2 + 0 2 


(7) 


0 2 ( 1 A g ) + N0 2 N0 2 + 0 2 - 


(8) 



where in water k 8 >> k 7 (k 8 = 3.1 X 10 6 M _1 s _1 ; k 7 = 0.036 1VT V 1 ). 

Reactive oxygen species (ROS) include but are not limited to singlet 
oxygen (0 2 ( 1 A g )), hydroperoxyl radical (H0 2 ), superoxide (0 2 ), dihy- 
drogen trioxide (H 2 0 3 , HO :! ), and hydroxyl radical ( OH). As shown in 
Table 5.1, reduction potentials for most ROS species are substantially 
more favorable than 0 2 ( 3 X g ). 



Reactive Oxygen Species Generation on Nanoparticulate Material 159 



The lifetime of singlet oxygen in water is on average 3 gs due to deac- 
tivation by collision with H 2 0 according to Eq. 9. 

0 2 ( 1 A b ) + H 2 0 0 2 ( 3 S g ) + H 2 0* (9) 

The first-order decay constant for the deactivation of singlet oxygen in 
water is k d = 3.2 X 10 5 M _1 s 1 where the characteristic lifetime is given 
by l/k d . 

Singlet oxygen can be generated in nature by sensitization (type II 
reaction) of dye compounds such as rose bengal or C 60 molecules, and 
also by irradiation of naturally occurring humic acids in lakes and rivers 
[1, 2], Singlet oxygen reacts with molecules of biological significance such 
as nucleic acids, lipids, and amino acids [3] with toxic consequences. For 
example, rhodopsin reacts with 0 2 ( 1 A g ) at pH 8.0 with a second-order 
rate constant of 1.1 X 10 9 M _1 s _1 . 

Superoxide, the one-electron reduction product of dioxygen (Table 5.1), 
and its protonated conjugate acid, H0 2 , have the following equilibrium 
relationship: 



H0 2 ^ 0 2 ' + H + (10) 

where pK a = 4.8. Superoxide is readily formed by electron transfer from 
sensitized dyes (type I reactions) or by sensitized oxidation of secondary 
alcohols. In addition, 0 2 ' is formed in aqueous suspensions of semicon- 
ductor photocatalysts (e.g., ZnO or Ti0 2 ) where oxygen is reduced by the 
photo-excited conduction-band electrons on the surface of the metal oxide 
or metal sulfide semiconductors. However, the characteristic lifetime of 
superoxide in aqueous solution is short due to competition from its self- 
reaction (i.e., dismutation) into oxygen and hydrogen peroxide. 



ho 2 


+ 


0 2 — 


h 2 0 2 + 0 2 


(11) 


ho 2 


+ 


ho 2 - 


> h 2 0 2 + 0 2 


(12) 


0 2 


+ 


2H 

o 2 


h 2 o 2 + 0 2 


(13) 



However, there is a pronounced difference in the rates of Eqs. 11 and 
12. For example, k n = 9.7 X 10 7 M -1 s -1 ; this can be compared to k 12 = 
8.3 X 10° M _1 s 1 and k 13 < 2 M _1 s~ 1 . As a consequence of the relative 
slowness of Eq. 13, most living cells employ a protein “superoxide dis- 
mutase” (SOD) to catalyze the reaction under biological pH conditions 
(e.g., pH 7.8). 

Hydroxyl radical, the three-electron reduction product of dioxygen, is 
the most highly reactive oxygen species in terms of redox potential and 
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typical electron transfer rates, which are most often in the diffusion con- 
trolled regime (k = 10 9 to 10 10 M \s '). Hydroxyl radical reacts by three 
pathways: hydrogen atom extraction, HO radical addition, or by direct 
electron transfer as illustrated by the following three reactions: 



CH 3 CH 2 OH + OH > CH 3 CHOH + H 2 0 



(14) 




SO§“ + OH > S0 3 - + H 2 0 (16) 

The array of oxygen-containing radicals known as ROS in solution is 
known to damage cell membranes, cellular organelles, and nucleic acids 
contained within RNA and DNA. Moreover, the oxidizing properties of 
ROS can also be generated on the surface of nanomaterials. 

Reactive oxygen species are highly reactive with low selectivity. In 
addition, ROS species present many challenges for direct time-resolved 
detection due to their short lifetimes and relatively low concentrations 
under steady-state conditions. This limitation can be overcome by trap- 
ping the free radicals with appropriate chemical trapping agents (e.g., 
chemical compounds that readily react with ROS and stabilize their 
unpaired electrons). 

Electron paramagnetic resonance (EPR/ESR) detects the small 
changes that an unpaired electron exerts on an applied magnetic field. 
The unpaired electron, in a spin state of + 1/2 or — 1/2, responds to a mag- 
netic field by aligning either parallel or anti-parallel to the applied field. 
Both spin states have distinct energy levels, which are determined by 
the magnetic field strength. In order to detect these energy states, the 
sample is exposed to electromagnetic radiation with sufficient energy 
to excite the electrons from the lower state to the upper state. This 
energy gap is given by 



AE = g(3H (17) 

where AE is the energy gap between the +1/2 and —1/2 state, H is the 
applied magnetic field, (3 is the Bohr magneton constant, and g is the 
splitting factor for the free electron. This splitting factor depends on 
the atoms within the radical compound being detected. An adsorption 
spectrum can be obtained by using the applied magnetic field to detect 
the changes. EPR detectors take the first derivative of initial spectrum. 
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Figure 5.2 Reaction of TEMP with singlet oxygen. 

The spin-trapping molecules affect the signal of the unpaired electron 
on the free radical species that is detected; this effect is known as split- 
ting and is most commonly caused by adjacent hydrogen atoms. Often 
the splitting leads to a unique pattern for the EPR signals. The combi- 
nation of the hyperfine structure (number of lines), line shape, and 
hyperfine splitting (the distance between peaks) give a radical its unique 
imprint. An ideal spin-trapping molecule will react quickly and specif- 
ically with the radical species of interest and produce a characteristic 
signal. Two spin traps, which are most frequently used for oxygen rad- 
ical detection, are 5,5-dimethyl-l-pyrolline-N-oxide (DMPO) and 2, 2,6,6- 
tetramethylpiperidine-N-oxyl (TEMP/TEMPO). Figures 5.2, 5.3, and 5.4 
give the reaction of DMPO with superoxide and hydroxyl radical and 
TEMP with singlet oxygen. 

In each case, the product of the reaction is a nitroxide compound, 
which is stabilized by charge delocalization between the nitrogen and 
oxygen atom. Figures 5.5, 5.6, and 5.7 illustrate typical EPR spectra for 
TEMPO, DMPO-OOH, and DMPO-OH. 

The TEMPO spectrum is a 1:1:1 hyperfine structure that results from 
the interaction of the unpaired electron with the nitrogen nucleus. Both 
DMPO-OH and DMPO-OOH have the same interaction, but splitting 
occurs due to the presence of adjacent hydrogen and oxygen atoms. 
Hydroxyl radical reacts with DMPO about nine orders of magnitude faster 
than superoxide, so the DMPO-OH signal will predominate unless 
hydroxyl radical is quenched ( vide infra). As a result, superoxide detection 
with DMPO requires much higher concentrations than hydroxyl detec- 
tion would. DMPO-OOH can also decompose to DMPO-OH giving a false 
positive for hydroxy radical, but there are ways to avoid this [4, 5] . Many 
other spin traps are available, and new ones are developed on a regular 
basis. 

Another common option for detection of reactive oxygen is chemical 
reduction. Two examples are Cytochrome c [6, 7] or nitroblue tetrazolium 
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(NBT) [8—10] reduction. Both of these compounds are reduced by super- 
oxide. Cycochrome c reacts with a rate constant of 2.6 X 10 s M _1 s 1 and 
NBT with a constant of 6 X 10 4 M 's'. While Cytochrome c has a rela- 
tively simple reaction pathway, the pathway for NBT is more complex 
[8]. A simplified version is depicted in Figure 5.8. 

This reduction is not selective, so the presence of the reduction prod- 
ucts does not assure superoxide activity. Thus, superoxide dismutase [6] 
{vide infra ) must be added to quench superoxide and create a baseline 
reduction level. These reductions can be followed by simple spec- 
trophotometry, which provides a significant experimental advantage to 
using these compounds to quantify and study ROS production. Another 
advantage is the ability to analyze reduction data and determine rates 
of ROS production. However, concentration detection limits are higher 
than typically found using EPR methods. As in the case of EPR, there 
are other chemical reductants available (e.g. XTT). 
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Figure 5.5 EPR signal of the 
TEMP-singlet oxygen adduct. 
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Figure 5.6 EPR signal of the 
DMPO-OOH adduct. 




Figure 5.7 EPR signal of DMPO- 
OH adduct. 



164 Principles and Methods 




NBT 4H + Formazan 

Figure 5.8 NBT reduction by superoxide. 



In a less common approach, ROS is detected by the simple monitor- 
ing of dissolved oxygen concentration in a solution. The basic principle 
is shown below in Figure 5.9. A compound irreversibly traps the reac- 
tive oxygen and a drop of dissolved oxygen occurs. A simple handheld 
meter can be used to monitor this change. 

One major advantage of the approach illustrated in Figure 5.9 is 
that the rate of ROS generation can be obtained from the dissolved 
oxygen (DO) loss by adding an excess of the trapping compound; the- 
oretically every ROS will be trapped. However, the free radical traps 
must react with ROS at much higher rates than observed for ROS 
decay. In previous research, Zepp and coauthors used 2,5-dimethyl- 
furan (DMF) to trap ROS [1, 2], while Haag et al. used furfuryl alco- 
hol (FFA) as the trapping agent [11], However, FFA reacts with singlet 
oxygen at relatively high rates (e.g., k = 1.2 X 10 s M _1 s 1 ). It is often 
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Figure 5.9 Dissolved oxygen ROS measurement method. 0 2 = dissolved 
oxygen; T = ROS trap; N = nanoparticle; *0 2 = ROS; T-0 2 = trapped 
ROS. 
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TABLE 5.2 A Brief Summary of ROS Detection Methods 



Common ROS Detection Methods 


Type of ROS 
(decreasing 
oxidative power) 


Electron 
Paramagnetic 
Resonance (EPR) 


Spectrophotometric 


Dissolved Oxygen 
Measurement 


Hydroxyl 


DMPO 

[Yamakoshi 2003] 
[Dugan 1997] 

DMSO 


N/A 


N/A 


Superoxide 


DMPO 

[Yamakoshi 2003] 
[Dugan 1997] 

DEPMPO 

[Frejaville 1995] 


NBT [Saito 1983] 

Cytochrome C 

[You 2003] 

XTT 

[Okado-Matsumoto 2001] 


FFA 

[Haag 1984] 
[Pickering 2005] 

DMF 

[Zepp 1985] 


Singlet Oxygen 


TEMP 

[Wilkinson 1993] 


Dipropionic acid 

[Undig 1981] 


FFA 

[Haag 1984] 
[Pickering 2005] 

DMF 

[Zepp 1985] 



difficult to detect low concentrations of ROS when compared with 
EPR methods (Table 5.2). 

Chemical or biochemical quenchers can also be added to target spe- 
cific ROS. For example, superoxide dismutase is routinely used to 
quench superoxide in a reaction medium [7]. Beta carotene and azide 
ion (N 3 ) are known quenchers for singlet oxygen [12]. These compounds 
serve to eliminate the response seen from any of the above detection 
methods. If a response is eliminated by the addition of a quencher, it is 
easier to assume that the specific ROS generated the signal. However, 
most quenchers lack complete specificity for a single ROS component. 
For example, superoxide dismutase seems to have an effect on singlet 
oxygen production despite its supposed specificity [13] for superoxide. 

Alternative methods for detection of ROS include fingerprinting of 
reaction products and direct chemiluminescence detection (e.g., singlet 
oxygen luminescence can be quantified at 1270 nm [14]). 

Nanoparticulate Semiconductor Particles 
and ROS Generation 

Semiconducting metal oxides and metal chalcogenides have been used 
as catalysts for a wide variety of chemical reactions in the gas-solid 
phase and liquid-solid reactions over a broad range of temperatures 
from < 0 to > 500°C [15]. Semiconducting oxides and sulfides can be acti- 
vated by an applied electrical potential, by the absorption of photons, 
or by elevated temperatures. The energies required for activation of 
some common metal oxide and metal chalocogenide semiconductors are 
given in Tables 5.3 and 5.4, respectively. 
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TABLE 5.3 Bandgap Energies for Metal Oxide and Mixed-Metal Oxide 
Semiconductors [15] 



Semiconductor 


E B (eV) 


E g (nm) 


Ti0 2 -anatase 


3.2 


385 


Ti0 2 -rutile 


3.0 


413 


ZnO 


3.3 


376 


SrTi0 3 


3.2 


387 


wo 3 


2.8 


443 


Nb 2 0 5 


3.4 


365 


Bi 2 0 3 


3.2 


387 


Ce0 2 


3.4 


365 


ln 2 0 3 


3.1 


403 


Sn0 2 


3.7 


330 


MnTi0 3 


2.8 


443 


FeTi0 3 


3.2 


390 


BaTi0 3 


3.2 


385 


CaTi0 3 


2.8 


448 


PbTi0 3 


3.4 


365 


Bi 4 Ti 3 0 12 


3.1 


403 


Bi 2 Ti 2 0 7 


3.0 


420 


Bi 12 TiO 20 


3.1 


386 


f-Zr0 2 


5.0 


248 


m-Zr0 2 


5.2 


238 


Fe 2 0 3 


2.2 


564 


YFe0 3 


2.58 


481 


Ce0 2 


3.4 


365 


ln 2 0 3 


3.6; 3.1 


344, 400 


Ir0 2 


3.12 


397 


Mo0 3 


3.24 


383 


Bi 2 WO e 


2.69 


461 


K 3 Ta 3 Si 2 0 13 


4.1 


302 


LiTa0 3 


4.7 


264 


NaTa0 3 


4.0 


310 


KTa0 3 


3.3 


376 


KNb0 3 


3.8 


326 


T-Bi 2 0 3 


2.8 


443 


K 4 Nb 6 0 17 


3.3 


376 


CaTa 2 0 6 


4.0 


310 


SrTa 2 0 6 


4.4 


282 


BaTa 2 0 6 


4.1 


302 


Sr 2 Ta 2 0 7 


4.6 


270 


K 2 PrTa0 15 


3.8 


326 


Sr 2 Nb 2 0 7 


3.9 


318 


AgNb0 3 


2.9 


428 


BiV0 4 


2.4 


517 


Ag 3 V0 4 


2.0 


620 


Bi,W0 4 


2.8 


443 


La 2 Ti 2 0 7 


2.8 


443 


Bi,YNb0 7 


2.0 


620 


Bi 2 CeNbO v 


2.10 


590 


BioGdNbO, 


2.13 


582 


Bi,SmNbO v 


2.21 


561 


Bi 2 NdNb0 7 


2.25 


551 


Bi 2 PrNb0 7 


2.26 


549 
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TABLE 5.3 ( Continued ) 



Semiconductor 


Eg (eV) 


Eg (nm) 


Bi 2 LaNb0 7 


2.38 


521 


Ga 2 0 3 


4.98 


249 


Sn0 2 


3.5 


354 


ln 2 0 3 


2.7 


459 


Cu 2 0 


2.6, 2.0 


477, 620 


CdW0 4 


2.94 


422 


CdMo0 4 


2.43 


510 


*1 eV = 4.42 X 10 14 Hz (s~ 4 ); A 


. = = 7 ^ C = 299792458 m s -1 ; h = 4.14 X 10~ 15 

E g (eV)r(HzeV 4 ) 


Activation can occur 


by the input of energy (i.e., 


eV or nm), which 


is sufficient to promote 


an electron from the valence band to the con- 


duction band or from 


energy states that lie within the bandgap 


(trapped or doped states), as illustrated in Figures 


5.10 and 5.11. For 


example, absorption of photons (with E hv > E bg ) by a semiconductor 
leads to promotion of an electron to the conduction band, ed,, and at 



TABLE 5.4 Bandgap Energies for Metal Sulfide and Chalcogenide Semiconductors [15] 


Semiconductor 


Eg (eV) 


E g (nm) 


ZnS 


3.66 


339 


ZnSe 


2.90 


428 


ZnTe 


2.25 


551 


CdS 


2.45 


506 


CdSe 


1.74 


713 


CdTe 


1.45 


855 


HgS 


2.2 


564 


CuA1S 2 


3.4 


365 


CuAlSe 2 


2.7 


459 


AgGaS 2 


2.5 


496 


CuGaS 2 


2.4 


517 


AgInS 2 


1.8 


689 


GaS 2 


3.4 


365 


Ga 2 S 3 


2.8 


443 


GaS 


2.5 


496 


As 2 S 3 


2.5 


496 


Gd 2 S 3 


2.55 


486 


La 2 S 3 


2.91 


426 


MnS 


3.0 


413 


Nd 2 S 3 


2.7 


459 


Sm 2 S 3 


2.6 


477 


ZnS 2 


2.7 


459 


ZrS 2 


1.82 


681 


Zn 3 In 2 S 6 


2.81 


441 


Pr 2 S 3 


2.4 


517 
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Figure 5.10 Schematic representation of the energy gap 
between the HOMO states or valence band of a semi- 
conductor and the LUMO states or conduction band 
where AE g corresponds to the bandgap energy in either 
energy (eV) or wavelength (nm). 

the same time creation of a vacancy, h^,, in the valence band as illus- 
trated in Figure 5.11. 

The relative energy levels of the conduction band and valence band 
states for some of the representative semiconductors listed in Tables 5.3 
and 5.4 are shown in Figure 5.12. In the specific case of Ti0 2 , a semi- 
conductor used in numerous commercial products, the conduction band 
edge has a relative energy level at pH 0 of -0.4 V and the valence band 
hole has an electrochemical potential of +2.8 V. Thus, in the case of Ti0 2 
the conduction band electron is mildly reducing although with suffi- 
cient potential to reduce 0 2 to superoxide, 0 2 , while the valence band 
hole at the surface of Ti0 2 is a powerful oxidizing agent. 

For example, with use of the appropriate semiconductor catalysts, it 
is possible to drive the photoelectrolysis of water into hydrogen and 
oxygen as follows: 

2H 20 uv ™‘ Kht > 2H 2 + 0 2 (18) 

The overall multi-electron redox potentials for the multi-electron reac- 
tions at pH 7 suggest that H 2 production with the input of UV- visible 
light energy is feasible. 

H 2 0 <-> H + + OH (19) 

2H 2 0 + 2 e <— > H 2 + 2 OH (20) 

2H 2 0 0 2 + 4H + + 4e (21) 

The redox potential for equation 21 at pH 7 is E H = —1.23 V (NHE) with 
the corresponding half-reactions of —0.41 V (Eq. 20) and 0.82 V (Eq. 21), 
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Figure 5.11 Presented above is a graphic depiction of a 
spherical semiconductor particle, which has absorbed a 
photon of sufficient energy to promote and electron from 
the conduction band to the valence band. After charge sep- 
aration, the electron, e,^, and the hole, h)j,, may simply 
recombine either direct bandgap recombination (a) or indi- 
rect recombination from trapped states (b) e^ or hj, . Some 
of mobile electrons and holes can migrate to the surface of 
the nanoparticulate semiconductor where they can undergo 
electron transfer reactions (c and d). The trapped electron 
can be transferred to an electron acceptor, A, and the trapped 
hole can accept an electron from an electron donor, D. 



which gives a AG° = +237 kJ/mole). However, with the input of light at 
wavelengths <1000 nm (i.e., 1.23 eV ~ 1000 nm), the overall energy 
requirement for the photosynthetic splitting of water can be met with 
solar radiation in principle. On the other hand, the rate of reaction in 
the normal Marcus regime should depend on the overall driving force 
(i.e., lower wavelength irradiation is preferable kinetically) and the 
thermodynamics of the initial or sequential one-electron transfer 
processes at the semiconductor surfaces. Moreover, the one-electron 
transfers are much less favorable thermodynamically than the overall 
two-electron transfer reactions as shown below: 



E h = -2.5 V (pH 7) 



+ e aq + 




— H a q 


(22) 




E h = -2.3 V (pH 7) 






H 2 0 <_ 




+ OH + H + + e aq 


(23) 


OH <_ 


E h = -1.8 V (pH 0) 


— OH + e aq 


(24) 
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In the presence of oxygen, the reductive process in water leading to 
superoxide ion, 0 2 has the following half-reaction and a reduction 
potential of E H = —0.33 V: at pH 7. 



0 2 + e 



E H = -0.33V _ 
' pH = 7 



0 2 



(25) 



On the oxidative side, the water or hydroxyl radical has corresponding 
potential at pH 0: 



OH 



E h — ~ 1.8V . 

pH = 7 



OH + e aq 



(26) 



However, when working with hydrated metal oxide surfaces one must 
take into account the nature of the reactive surface sites that normally 
involve metal hydroxyl functionalities. In the specific case of dehydrated 
Ti0 2 (see Figure 5.13), we must consider that when exposed to water 
either in a humid atmosphere or in aqueous suspension the surface 
titanium-oxygen bonds in the crystallites undergo hydrolysis to pro- 
duce surface hydroxyl groups as follows [16—27]: 

> Ti-O-Ti < + H,0 » kh ^ 2 > TiOH (27) 

kd 

The metal hydroxyl surface sites (e.g., >TiOH or >FeOH) exist under 
ambient conditions in an open atmosphere or in an aqueous suspension. 
Once hydrolyzed, the surface hydroxyl groups either gain or lose a proton 




Figure 5.12 Comparison of the bandgap energies for an array of semiconductor relative 
to the reduction and oxidation potentials of water at pH 0. 
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depending on the intrinsic acidity of the metal oxide [24, 28]. A simple 
formalism for characterizing the surface acidity versus pH, for quanti- 
fying the surface buffering capacity, the surface ion-exchange properties, 
and surface complexation capacity for cations, anions, and ligands is 
presented in Eqs. 28 and 29. The pH dependent changes in terms of the 
acid-base chemistry of surface hydroxyl functionalities (e.g., >MOH, 
>TiOH, >FeOH) can be treated as a conventional diprotic acid, although 
there may be more than one type of surface site undergoing protonation 
and deprotonation (i.e., a distribution of surface acidity constants, K|. 

In the case of nanoparticulate Ti0 2 , the titration of a colloidal sus- 
pension with NaOH gives a classical titration curve for a diprotic acid 
as shown in Figure 5.14. Using the titration data of Figure 5.14, the sur- 
face acidity of Ti0 2 can be characterized is terms of two surface acidity 
constants as follows: 



< TiOHo » kl ^ < TiOH + H+ 

2 k_! 

(28) 

K|i = pKL = 2.4 

k , 



< TiOH » k2 ^ < TiO~ + H + 

k-2 



K 



S 

a2 




pK| 2 = 8.0 



(29) 



Figure 5.13 The anhydrous Ti0 2 

nant 101” crystalline face of Ti0 2 
(anatase) showing oxygen red 
(0 2 ~) and titanium in white 
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PH Z pc 



(pKL + pK| 2 ) 
2 



5.25 



(30) 



In the simplest case, at low ionic strength in the absence of added 
cations or anions, the isoelectric point or “point of zero charge” is 
described as follows in terms of the concentrations of the relevant sur- 
face species as a function of pH: 

[ >TiOHj] = [ >TiCT] (31) 

At a fixed ionic strength, the surface charge on Ti0 2 is a function of 
the solution pH as follows [24, 28]: 

(pH - P H zpc ) (32) 

pH#pH zpc 

The above acidity constants and the pH of zero point of charge, pH zpc , 
are given for quantum-sized Ti0 2 in the particle size range of 1.0 to 3.0 nm. 
The titration data can be plotted with respect to the surface site density 
as shown in Figure 5.15 to get more reliable estimates to the pH zpc for 
most semiconductors listed in Tables 5.3 and 5.4. 



ddn 



Till =nnnst 



doH 




Volume/mL 



Titration volume (mL) 

Figure 5.14 A typical titration curve for two different size frac- 
tions of colloidal Ti0 2 . This data can be used to determine the sur- 
face acidity constants and provide an estimate of the pH of zero 
point of charge. 



Reactive Oxygen Species Generation on Nanoparticulate Material 173 




q m /(sites/nm 2 ) 

Figure 5.15 Using titration data similar to that presented in Figure 5.14, 
the individual surface acidity constants and the surface site density can be 
determined. The pH^ for anatase, rutile, and a mixture of anatase and rutile 
(Degussa P25) are shown here. 



The number of moles of surface hydroxyl groups {>MOH} in an aque- 
ous suspension of volume V can be estimated as follows: 



{ > MOH} 



(mMo/pMoVMo)A M odoH(10 18n m 2 /l m2 ) 

N 



(33) 



where A mo is the surface area of the metal oxide particle (m 2 ), d 0H is the 
site density of hydroxyl groups for MO (number per nm 2 ), N is Avogadro’s 
number, m M0 is the mass of the metal oxide, MO, in a suspension (g) of 
a given volume, V is the volume of an MO particle (cm d ), and p is the 
density of the MO (g/cm 3 ). The density of surficial >MOH groups, d 0H , 
ranges from 4 to 10 per nm 2 . 

Irradiation of Ti0 2 (as a primary example) generates electrons and 
holes on a 100 femtosecond to picosecond time scale. The approximate 
energy level positions for Ti0 2 in the anatase crystalline form are shown 
in Figure 5.12 with an equivalent scale of redox potentials versus NHE 
(normal hydrogen electrode). After photoexcitation (Figure 5.16) some 
of the electrons and holes migrate to the surface where they can be 
trapped within the nanosecond time frame on the surface of Ti0 2 in the 
form of >Ti(III)OH and >Ti(IV)OH . 



174 Principles and Methods 



Conduction band 



- 4 - 



hv 



-7 J Valence band 
Solid Ti0 2 



Shallow trapping states 
02 + e~ — > 0 2 



>Ti(IV)OH + ec b -> >Ti(lll)OH- 



CH 3 CH 2 OH + h^, -> ch 3 choh 



>Ti(IV)OH + ht b -> >Ti(IV)OH+ 



-1 



LU 

X 



1 W 



Ti0 2 /Water 



Figure 5.1 6 Energy level positions for the photoexcitation of Ti0 2 
(AE g = 3.2 eV) in the anatase form relative to the solid-solution 
interface redox potentials for key steps and possible electron 
transfer reactions. Surface trapping states within the bandgap 
energy domain are indicated. 



The surface hydration and dehydration process and photoexcitation 
can be followed with DRIFT (diffuse reflectance infrared Fourier trans- 
form) spectroscopy [29 — 31], In Figure 5.18, evidence for the reversible 
hydration (Figure 5.17) and dehydration of Ti0 2 is shown where the 




atomic environments. With progressive dehydration, this characteris- 
tic feature disappears, and discrete stretches within 3400-3800 cm” 
arise. Complete dehydration required thermal treatment for 12 hours 
at 623 K under a ~1 p,Torr vacuum. Dehydrated Ti0 2 is reversibly 
rehydrated with water vapor. Surface trapping states clearly indicated 
in the dehydrated spectra appear at 3716 cm” 1 . 
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Figure 5.1 8 The rehydration of anhydrous Ti0 2 is a relatively slow 
process which takes place over several hours. 



presence of a humid atmosphere with water peak in the IR spectrum is 
clearly visible near 3500 cm \ 

In a typical photolysis experiment (Figure 5.19), there is convincing 
FTIR evidence for the formation of >Ti(III)OH (e^.) and >Ti(IV)OH (h tr .) 




Figure 5.19 Surface functional groups, >Ti(III)OH and >Ti(IV)OH groups 
reflecting the trapping of electrons and holes after illumination under a 
vacuum. 
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as the surface trapping state. The electron is trapped as >Ti(III)OH (a 
reduced Ti site on the surface) and the hole is trapped as surface-bound 
hydroxyl radical, >Ti(IV)OH . The trapped hole, >Ti(IV)OH , is a power- 
ful oxidizing species that is able to undergo either direct electron transfer 
reactions or hydrogen abstraction reactions, depending on the chemical 
nature of the electron donor. On the other hand, the trapped electron 
[>Ti(III)OH] is a moderate to weak reductant, although it is still capa- 
ble of transferring electrons to dioxygen (0 2 ) adsorbed on the surface. 
The DRIFT spectra of Figure 5.19 show a pronounced peak shift in the 
presence of oxygen (i.e., 0 2 + e^ 0 2 ) versus the same system in a 
vacuum. For example, the band that appears at 3716 cm -1 has been 
identified as the trapped electron, >Ti(III)OH, which results from the 
localization of conduction band electrons in surface trapping sites. In the 
presence of 0 2 , the trapped electron disappears and surface-bound super- 
oxide, 0 2 ', is formed. 



0 2 + e t - 0 2 (34) 

As an alternative, Eq. 34 can be written as 

0 2 + > Ti(III)OH" 0 2 + > Ti(IV)OH (35) 

The trapped electron, >Ti(III)OH~, is completely removed by expo- 
sure to Br 2 in the gas phase. The trapped electron has an ESR (elec- 
tron spin resonance) signal with g ± = 1.957, and gy = 1.990. 
However, after irradiation the 3716 cm 1 band persists under a 
1.0 atmosphere of dry (0 percent RH) 0 2 at 300 K, whether in the dark 
or under illumination, whereas the Ti0 2 surface must be exposed to 
water vapor before the trapped electron band at 3716 cnT 1 disap- 
pears. ab initio calculations of oxygen-deficient Ti0 2 in the rutile 
form indicate that excess charge in the bulk remains spin-paired and 
localized at vacant oxygen sites. Inter-bandgap states on reduced 
Ti0 2 surfaces are associated with spin-polarized Ti(III) 3d 1 and Ti(II) 
3d 2 configurations. 

The conduction band electrons in the trapped state electrons have 
been observed using a variety of laser-based pump-probe photolysis 
experiments. The so-called blue electron in either a deep or swallow 
state trap — that is, an internal Ti(III) site or a surface >Ti(III)OH 
site — has a characteristic spectrum in the visible with a band peak at 
600 nm. The appearance and disappearance of the “blue electron” can 
be followed kinetically by rapid-scan spectroscopy in order to get an 
estimate of the actual lifetimes of mobile electrons that are available 
for electron transfer. 
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Figure 5.20 DRIFT spectra of Ti0 2 (a) 13 minutes after UV irradi- 
ation, (b) 52 minutes after, (c) 94 minutes after, (d) 135 minutes 
after, and (e) following full relaxation of the excited-state signal. 
Inset: log(S norm ) vs. log(F(cni )) where S norm is the background sub- 
tracted signal normalized to S = 1 at 2500 cm - . 



The trapped electron and hole can recombine over a broad range of time- 
frames from nanoseconds to hours depending on the energy of the trapped 
state. In the absence of external electron donors or acceptors, the shal- 
low trapped electrons can persist for up to 40 hours before eventual 
recombination as shown in Figure 5.20. 

>Ti(IV)OH + - + >Ti(III)OH~ ^mbmation > 2 > Ti(IV)OH (36) 

In the presence of 0 2 , recombination can occur through reversible electron 
transfer from > Ti:0 2 ' back to a bound surface hydroxyl radical as follows: 

> Ti(IV)OH + - + >Ti(IV)OH:0 2 recombinatlon > 2>Ti(IV)OH + 0 2 

(37) 

However, the majority of electrons in bandgap-excited Ti0 2 exist in a free 
state, giving rise to a broad, featureless absorption with intensity pro- 
portional to (A./p.m) 1 ' 73 as shown in Figure 5.20. These electrons decay 
according to a saturation kinetic mechanism that is limited by the den- 
sity of trapped states. Kinetic observations suggest that free charge 
carriers are relatively stable in the bulk phase, that surface charge 
trapping is a reversible process, and that recombination of trapped 
states does not necessarily occur rapidly, even in the presence of an 



178 Principles and Methods 



opposing charge acceptor. The charge trapping capacity of the surface 
eventually decreases following the complete recombination of a large 
number of free carriers. The charge carrier recombination rate increases 
with increasing surface hydration, indicating that surface hydroxylation 
assists annihilation reactions by allowing irreversible electron trap- 
ping. A surface electron trap state observed at 0.42 eV may be respon- 
sible for the mediating the annihilation mechanism. 

A number of alternative spectroscopic techniques have been applied 
to characterize the lifetime of the mobile electrons in Ti0 2 and other 
semiconductors. Martin et al. [32, 33] used microwave frequency and 
Herrmann et al. [34] used radio frequency spectroscopy as a probe tech- 
nique after laser excitation and determined a broad range of lifetimes 
for the various trapping states from microseconds to milliseconds. 

Most metal oxide and mixed-metal oxide semiconductor surface chem- 
istry is dominated by hydroxyl groups when in the presence of water or 
humid air. For example, the metal niobates, LiNb0 3 and KNb0 3 , are 
widely used electro-optic and photorefractive materials that depend on 
the activation of surface protons (i.e., protons bound in hydroxyl ions, 
OH). The hydroxyl bound protons have activation energies in the range 
of 1 eV for mobility in LiNb0 3 and KNb0 3 crystals. The corresponding 
surface hydration in KNb0 3 leads to the following reactions: 

> Nb(V)ONb(V) < + H 2 0 2 > Nb(V)OH (38) 




Figure 5.21 Irradiation of Ti0 2 quantum-sized colloids (D p = 2 nm) 
in water also produces trapped electrons and holes, which lead to 
shifts in the measured pH in the presence and absence of light with 
no added electron donor or acceptor except H 2 0. 
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The photochemistry and photophysics of quantum-sized nanoparticles 
[16, 22, 24, 35] (1 nm < D P < 10 nm) in contrast with the larger, bulk-phase 
particles (D p ~ 100 nm), can be quite different. Many nanoparticulate semi- 
conductors, which are often described as “quantum-sized particles” or 
“quantum dots” depending on their applications, exhibit a characteristic 
blue shift in the UV or visible absorption spectrum. Along with the blue 
shift in the absorption spectrum, there is a corresponding increase in the 
bandgap energy, AE g which can be described in terms of a simple solution 
to the Schrodinger equation with an appropriate Hamiltonian. 



where R is the particle radius and p is the reduced mass of the exciton 
or the electron-hole pair. 



where m e~ is the effective mass of the electron and m Jj+ is the effective 
mass of the hole, and e is the dielectric constant of Ti0 2 , and h is Planck’s 
constant. 

According to Eq. 39, as R decreases the bandgap energy, AE g , increases 
(i.e., Rl = AE g T). As an example, Kormann et al. [24] prepared Q-sized 
Ti0 2 with a characteristic blue shift from the bulk state bandgap of 385 
nm for anatase TiOo down to 350 nm (i.e., AE g = 3.2 to 3.35 eV). The steady- 
state particle size ranged from 2.0 nm to 2.5 nm depending on the prepa- 
ration conditions and the Ti(IV) reagent used in the synthesis (e.g., TiCl 4 
or Ti(IV)-isopropoxide). The corresponding cluster size (oligomer) for the 
nanoparticles ranged from 120 to 220 monomers. In an earlier study, 
Bahnemann et al. [16] reported that Q-ZnO exhibited bandgap increases 
as large as 1 eV or AE g Q-znO = 4.2 eV). 

An increase in AE g often enhances the reactivity of the photocatalyst 
by increasing its reduction/oxidation potential and thus the driving 
force for electron transfer in the normal Marcus regime; thereby ROS 
(reactive oxygen species) should also be a function of particle size. 

In a subsequent study, Hoffman et al. [36] investigated the photo- 
chemical production of H 2 0 2 on irradiated Q-ZnO over the wavelength 
range of 320 < X < 370 nm in the presence of carboxylic acids and 
oxygen. Steady-state concentrations up to 2 mM H 2 0 2 were formed. 
Maximum H 2 0 2 concentrations were obtained only with added electron 
donors (i.e., hole scavengers). The order of photochemical efficiency for 
H 2 0 2 production with carboxylic acids as electron donors was HC0 2 > 
C 2 0 4 2 - > CH 3 C0 2 > citrate. Isotopic labeling of the electron acceptor, 




(39) 




(40) 
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0 2 , with 18 0 verified that H 2 0 2 was produced directly by the reduction 
of adsorbed oxygen by conduction band electrons. Quantum yields were 
as high as 30 percent for H 2 0 2 production at low photon fluxes. At the 
same time, the quantum yield was shown to vary with the inverse 
square root of absorbed light intensity [i.e., </><*( Vl a b s ) _1 ], with the wave- 
length of excitation ^(A) -1 , and with the diameter of the Q-sized col- 
loids (i.e., 4 >° <D p Q. For example, d[H 2 0 2 ]/dt is 100 to 1000 times faster 
on Q-sized ZnO particles (D p = 2 — 4 nm) than with bulk-phase ZnO par- 
ticles (D p = 100 nm). 

Hydrogen peroxide production proceeds, after initial photoactivation, 
by electron transfer from the conduction band to dioxygen adsorbed on 
the surface of the excited-state metal oxide as follows: 



2[e cb + 0 2 » 0 2 ] 


(41) 


pK„ = 4.8 

0“ ■ + H + < > HO, 


(42) 


2H02 ^ H2O2 + O2 


(43) 



Hoffmann and coworkers [25, 36, 37] observed a tenfold increase in 
the measure quantum yield for H 2 0 2 production upon reduction of the 
mean particle diameter from 40 to 23 nm for ZnO, where 0 2 was the elec- 
tron acceptor and small molecular organic compounds (e.g., carboxylic 
acids and alcohol) the electron donor. Similar effects were reported by 
Hoffmann and coworkers [35, 38, 39] for photo-polymerization reac- 
tions catalyzed by Q-sized CdS, Q-ZnO, and Q-Ti0 2 and for S0 2 oxida- 
tion in the aqueous phase. 

In addition to ROS generated from surface hydroxyl species and from 
adsorbed 0 2 , there are other oxygen-containing free radical species 
that are generated on the surface of photoactivated semiconductors. For 
example, S(IV) ( [S(IV)] [S0 2 ■ H 2 0] + [HSOg] + [SO® - ]) is readily 

photooxidized [28] in the presence of colloidal suspensions of nanopar- 
ticulate a-Fe 2 0 3 . 



0 2 + 2 HS0 3 h "„ S ^° 0 mn> 2 SO| + 2H + (44) 

Quantum yields ranged from 0.08 to 0.3 with a maximum yield found 
at pH 5.7. The primary initiation pathway involved irradiation at wave- 
lengths equal to or less than the nominal bandgap of hematite, which 
is 2.2 eV or 560 nm. Upon bandgap illumination, conduction-band electrons 
and valence-band holes are separated; the trapped electrons are trans- 
ferred either to surface-bound di oxygen or to Fe(III) sites on or near the 
surface, while the trapped holes accept electrons from adsorbed SO| to 
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produce surface-bound S03~ . The relatively high quantum yields are 
attributed in part to the desorption of SO 3 from the a-Fe 2 0 3 surface and 
subsequent initiation of a homogeneous aqueous-phase free radical chain 
oxidation of S(IV) to S(VI). The following photochemical rate expression 
describes the observed kinetics over a broad range of conditions: 



d[S(IV)] 

dt 



4>I 0 (1 - 10 



-£[a-Fe 2 0 3 ; 



;] ^ 



K s [HSQ 3 ] \ 
1 + K s [HS0 3 ]/ 



(45) 



where the quantum yield </> is defined as follows [40, 41]: 



<AiU) 



# of molecules reacting via pathway i 
total number of photons absorbed by reacting molecule 



(46) 



or 



, , moles of compound transformed . 

<k(A)(mol emstem -1 ) = (47) 

moles of photons absorbed 



where 



= 1 (48) 

i 

A similar kinetic expression [38] was observed for the photocatalytic 
oxidation of S(IV) on Ti0 2 . In this case, for A. < 385 nm, quantum yields 
in excess of unity (e.g., 0.5 s c[> < 300) were observed and attributed also 
to desorption of the S0 3 radical anion from the Ti0 2 surface leading 
to the initiation of homogeneous free radical chain reactions. These chain 
reactions have an amplified effect on the measured quantum efficiency. 
Depending on the free radical chain length, the measured <[j values can 
be greater than one. In addition, the observed quantum yields depend 
on the concentration and nature of free radical inhibitors present in the 
heterogeneous suspension. 

For S0 2 in water, the free radical chain reactions involve the forma- 
tion of sulfur radical species such as S0 3 - , S0 4 ‘, and S0 5 - that are 
alternative forms of ROS with similar reactivity to superoxide and 
hydroxyl radicals. 

Iron oxides and iron oxide polymorphs initiate the chain reaction as 
follows: 



0 2 + 2 HS0 3 ^2HS0 4 (49) 

a-re2U3 

> FeOH + HS0 3 ? 



> FeS0 3 + H 2 0 



(50) 
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>Fe(III)S0 3 + h+ b > Fe(III) + S0 3 ' (51) 



so 3 + 0 2 


— > S0 5 - 


(52) 


SO5 ■ + sor - 


— > sor + sor- 


(53) 


so 5 - + so§- - 


— > so| - + so 3 - 


(54) 


SOT + sor - 


— > sor + so 3 - 


(55) 


SO§“ + so| - - 


— > 2sor 


(56) 



The other iron(III) oxide polymorphs (e.g., 7-FeOOH, AE g = 2.06 eV; 
[3-FeOOH, AE g = 2.12 eV; a-FeOOH, AE g = 2.10 eV; 8-FeOOH, AE g = 
1.94 eV; y-Fe 2 0 3 AE g = 2.03 eV) are photocatalytic for certain reactions 
[42], In general, the observed order of relative photochemical reactivity 
toward S0 2 oxidation [43] is 7-FeOOH > a-Fe 2 0 3 > y-Fe 2 0 3 > 8-FeOOH 

> (3-FeOOH > a-FeOOH, while in the case of C 2 0| oxidation [44—46] 
the relative catalytic order is ferrihydrite (am-Fe(OH) 3 ), y-Fe 2 0 3 

> y-FeOOH > a-Fe 2 0 3 > a-FeOOH > (3-FeOOH. 



2 > FeOH + hv ^>Fe(II)OH - + >Fe(IV)OH + (57) 

e tr hj]. 

> Fe(IV)OH + + C 2 0|- > > Fe(III)OH + C0 2 + C0 2 ' (58) 

>Fe(II)OH - + 0 2 * >Fe(III)OH + 0 2 ' (59) 

Similar reactions occur with other carboxylic and dicarboxylic acids 
on the surface of the iron oxides and oxyhydroxides leading to superoxide 
and hydrogen peroxide formation. Pehkonen et al. [46] found that the 
rates of H 2 0 2 formation on a series of iron oxide polymorphs depended 
on the chemical nature of the carboxylate electron donor where HC0 2 
> CH 3 C0 2 > CH 3 CH 2 CH 2 C0 2 . 

Metal Sulfide Surface Chemistry and 
Free Radical Generation 

Metal sulfide and related chalocogenide semiconductors are used in a 
variety of electronic applications. For example, CdS, which is an n-type 
semiconductor with E g = 2.4 eV, has been shown to have photocatalytic 
activity for H 2 production under visible light irradiation under anoxic con- 
ditions in water in the presence of electron donors such as C 2 H 5 OH, HS 
and S0 3 h 



Reactive Oxygen Species Generation on Nanoparticulate Material 183 



The electronic levels of nanoparticulate or quantum-sized CdS (Q-CdS) 
can be tuned by changing or controlling particle size without changing the 
chemical composition. For example, Hoffman et al. [35] found an increase 
in quantum efficiency for photo-polymerization of methylmethacrylate 
with a corresponding decrease in particle size using Q-CdS. 

The surface chemistry [47 — 53] of nanoparticulate CdS in the Q-size 
domain has some similarities, which are initiated by the hydrolysis of 
the surface of CdS to form surface functionalities [54] that are dominated 
by the cadmium mercapto group, >CdSH, and cadmium hydroxyl, 
>CdOH, functionalities as follows: 



s‘“ 

Cd 



> 



(CdS) 



+h 9 o 



K u 



s, 

Cd 



> Cd(II)SH 



J2 



+ s d 2 ; + > s(-n) Cd (n)° H 



(60) 



The variable surface charges arise from protonation and deprotonation of 
surface sulfhydryl and hydroxyl groups as depicted in following equations: 

> CdSH + H + c s d 2 2+ > CdSH+ (61) 

S 

r«2— _i_ Ko 1 ~2- 

cV > CdSH^ < ■ - ■ ' - > C V > CdSH + H + (62) 

S 

s 2 ;, > CdSH < ■ Ka2 - > s 2 ; + > CdS” + H + (63) 



> CdOH + H + < » s d 2 2+ > CdOH* (64) 

S 

s d 2 + > CdOH+ < . KaL1 ^ s d 2 2+ > CdOH + H + ( 65 ) 

S 

( |j 2 , > CdOH < Ka2 -^ s d 2 2+ > CdO“ + H + (66) 



In the simplest case, at low ionic strength in the absence of added 
cations or anions, the isoelectric point or “point of zero charge” is 
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described as follows in terms of the concentrations of the relevant sur- 
face species as a function of pH: 

[&+ > cdSH 2 + ] + [& + > cdom] = [gp + > cds-] + [S- > cdo-] 

(67) 

A likely set of surface chemical reactions that take place upon illu- 
mination of metal sulfide particles under anoxic conditions are given 
below for the case of an aqueous suspension of CdS in the presence of 
dissolved ethanol [55-60]: 



sj 2 h > Cd( +II)S( -II)H+ — 



ecb 




-> 



Sj 2 2 ' + >Cd(+I)S(-I)H+ 



( 68 ) 

S d 2 2 + >Cd(+I)S(-I)H 2 — s d 2 2+ > Cd(0)S(0)H+ (69) 

^ n vb 

jjh > Cd(0)S(0)H2 s£ > Cd( +II)S(0) + +H 2 (70) 

S d 2 2 ' + > Cd( +II)S(0) + + CH 3 CH 2 OH < 

(71) 

S d 2 + > Cd( + II)S(-I)H + + CH 3 CHOH 
S d 2 + >Cd(+II)S(-I)H + +CH 3 CH 2 OH 

(72) 

{ f d 2 + >Cd(+II)S(-II)H+ + CH 3 CHOH 



2 H > H 2 

2CH 3 CHOH > 2 CH 3 CHO + H 2 



(73) 

(74) 



Similar photoreactions can occur at neutral >CdSH and >CdOH sites 
and protonated surface sites involving >CdSH 2 and >CdOH 2 . 
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s 2 ; + >Cd(+II)S(-II)H — — e ;-~ > s 2 2+ >Cd(+I)S(-I)H ( 75 ) 

n vb 

s 2 2+ > Cd( + DS( - I)H — sX > Cd(0)S(0)H 

h vb ^0- 

g 2 d 2 + > CdOH 2 > CdO + H 2 

gp + > CdO + 2H+ > CdOH 2 

s 2- ^ r*.ir\Tj hvb , s 2- ^ r ,j AIJ +. CH 3 CH 2 OH 

^ 2 + ^ CdOH — — — ^ cd 2+ ^ — ) 

> CdOHj + CHgCHOH 

In the presence of oxygen (i.e., under oxic conditions), 0 2 would imme- 
diately react with the carbon-centered ethanolic radical, CH 3 CHOH, to 
form the corresponding peroxy radical (R0 2 ), which is an alternative 
form of ROS. 



(76) 

(77) 

(78) 

(79) 



Fullerene Photochemistry and ROS 
Generation Potential 

Similar to the cases of the metal oxide and sulfide semiconductors, the 
photochemical properties of fullerenes can be viewed in the context of 
excitation of electrons across a bandgap. For example, the bandgap of pure 
C 60 has been reported to be 2.3 eV, which is comparable to that of iron 
oxide polymorphs (Table 5.3). The bandgap for carbon nanotubes 
(CNTs) depends on its chirality and is inversely proportional to the 
diameter of the nanotube. In the case of ROS generation by fullerenes, 
they can act either as a photosensitizers or an electron shuttle. 

Two distinct pathways are recognized for the photosensitization of 
fullerenes. Both pathways involve the initial excitation of the pho- 
tosensitizing molecule (i.e., a fullerene). Type I sensitization involves 
electron transfer and depends upon the presence of a donor molecule 
that can reduce the triplet state of the sensitizer. The triplet state 
is more susceptible to electron donation than is the ground-state singlet 
molecule. In the presence of oxygen, superoxide radical anion can 
be formed by direct electron transfer from this excited radical to 
molecular oxygen. 
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The type II photosensitization pathway involves the transfer of excited 
spin-state energy from the sensitizer to another molecule. Type II sen- 
sitization does not depend upon the presence of a donor molecule, but 
only requires a long-lived triplet excited state. In the presence of oxygen, 
this triplet state is quenched by ground-state oxygen, which is trans- 
formed into singlet oxygen. As noted previously, singlet oxygen is a reac- 
tive oxygen species that can participate in reactions in solution that are 
spin-forbidden in the case of ground-state molecular oxygen. Singlet 
oxygen formation via type II photosensitization and quenching has been 
reviewed extensively by Wilkinson et al. 

A typical photosensitizing molecule in the ground state is represented 
by S 0 with Si and T x representing the lowest energy singlet and triplet 
states, respectively. Figure 5.22 is a graphic representation of their 
main photosensitized pathways. 

Light within the absorbance range of the photosensitizer is absorbed 
and promotes electrons into the excited singlet state (Eq. 80). 

S 0 + hv — Si (80) 

The intensity and wavelength of the light will govern the rate of S, for- 
mation (k w ). The singlet state then decays via at least three different 
pathways: fluorescence, internal conversion, or intersystem crossing 
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Figure 5.22 General photosensitization kinetic scheme. 
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(Eqs. 81 — 83). Intersystem crossing is a spontaneous nonradiative 
transition from the singlet to the triplet electronic state. 



Si — ^ So + hv F 


(81) 


k:_ 


S x > So 


(82) 




Si T, 


(83) 



The rate of singlet decay is taken as the sum of these rates of singlet 
decay, k SD , (Eq. 84) and the quantum yield, <J> T , is defined by the frac- 
tion of the singlet state that decays to the triplet state (Eq. 85). 



k SD = k F + k ic + 



1 

t(Sj) 



(84) 



c^t = ^ (85) 

ksD 

The singlet form of a photosensitizer can also be quenched by oxygen to 
form the triplet state of the sensitizer, generating either singlet oxygen 
(Eq. 86) or ground-state oxygen (Eq. 87). It can also be quenched to the 
ground state (Eq. 88) or the sensitizer may be altered through a reac- 
tion to form a new product (Eq. 89). 



Si 
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o 2 - 


k SA 


■> Ti 


+ 'o; 


(86) 


Si 
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0 2 - 




■> Ti 


+ 3 o 2 


(87) 


Si 
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0 2 - 




* S 0 


+ 3 o 2 


(88) 


Si 
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0 2 - 




■> reaction product 


(89) 


k® 2 - 
k SQ " 


II 

CCO 

[>[N5 


, + 


k° 2 

^lSC 


+ k& + k& 


(90) 



The triplet state in turn decays by phosphorescence (Eq. 91) or inter- 
system crossing (Eq. 92). Phosphorescence releases light energy as elec- 
trons fall to a lower energy level, and internal conversion involves the 
same drop in energy without the associated energy release. The rate of 
triplet decay is the sum of these processes (Eq. 93). 



Ti 


S 0 + hv p 


(91) 


Ti 


-^So 


(92) 



k T D - k Tp + k Td - - 



(93) 
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Photosensitizers in the triplet state can also be quenched by oxygen 
(Eqs. 94—97) or by sensitizers in the ground state. Quenching by sen- 
sitizer in the ground state is known quite simply as self-quenching 
(Eq. 97). Finally, a sensitizer in the triplet state may also be quenched 
when a triplet collides with another triplet in a process known as triplet- 
triplet annihilation (Eq. 98). The summation of these processes is rep- 



resented in Eq. 99. 

Ti + 0 2 l-1 "> S 0 + J 0 2 (Type II reaction) (94) 

Ti + 0 2 -%■ S 0 + 3 0 2 (95) 

Ti + 0 2 k| '' > product (96) 

Ti + S 0 2S 0 (97) 

T t + T x S 0 + Ti (98) 

k-TQ = ^TA 9" k!j?j + k!pj (99) 



Often the triplet state is more energetically stable than the singlet 
state, so the products of the above reactions are favored over those 
resulting from reactions with the singlet state in photosensitizing sys- 
tems. The triplet state is quenched by oxygen by three different path- 
ways; the fraction of triplet that participates in the Type II reaction to 
form singlet oxygen is represented by Eq. 100. Oxygen also competes 
with triplet-triplet annihilation and self- quenching as potential path- 
ways for triplet quenching. Consequently, the proportion of the triplet 
state quenched with oxygen can be calculated using Eq. 101. The quan- 
tum yield for singlet oxygen expresses how efficiently the photons are 
used to produce singlet oxygen (Eq. 102). 



fl 1 



k TA 

K TQ 



( 100 ) 





k TQ[°2] + k SQ[ So ] + k 



Ti 

AN 




( 101 ) 



4>a — ^t^aPt 2 



( 102 ) 



The nonproductive pathways regarding ROS production such as triplet 
quenching by oxygen along with triplet-triplet annihilation and self- 
quenching represent inefficiencies in converting light energy to chemical 
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energy. Increasing the lifetime of the triplet state and minimizing the 
effect of the nonproductive pathways will result in higher quantum yields 
for ROS production; these pathways are controlled by the concentration 
and proximity of the photosensitizer in the solution. 

Type I reactions can occur in parallel with type II reactions, when the 
photosensitizers are in the presence of electron donors. Type I reactions are 
initiated by the reduction of the triplet state by an electron donor (Eq. 103). 
The donor in this case has a reduction potential lower than either the 
ground state (S 0 ) or the excited state (T, or S,) of the sensitizer (Eqs. 2 to 5). 
Once the reduction occurs, the sensitizer takes the form of a radical anion 
(So ) that has the possibility of reducing oxygen to superoxide (Eq. 104) and 
subsequently returning to the ground state. Reduction of the singlet state 
is more thermodynamically favorable but is kinetically limited because of 
the short lifetime of the singlet excited state (Eq. 105). As a result, singlet- 
state reactions with the electron donor are not likely to occur. 



Ti + D 


kSi 


So- + D + 


(103) 


So + 0 2 


]0 2 


0 2 + S 0 


(104) 


Si + D 


l^Sl 


sir + d + 


(105) 



Thus, the proportion of oxygen reacting with the triplet-state sensitizer 
must be modified to express the reactions between the triplet state and 
the electron donor (Eq. 106). 




(106) 

In order to determine the quantum yield for superoxide formation, the 
following assumptions are made: anion radical sensitizers react with 
oxygen to form superoxide (i.e., fj[ lp = 1); anion radicals are unlikely to 
be formed (Eq. 105) due to the short lifetime of S x ; and the donor reacts 
only with the triplet-state molecule, T 1; of Eq. 103. 

Given these assumptions, the proportion of the triplet-state mole- 
cules that react with a donor is given by Eq. 107 with the corresponding 
quantum yield given by Eq. 108. 




( 107 ) 
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4>su P - 4>tP? (108) 

The overall quantum yield for the production of ROS ( 1 0 2 and 0 2 ') in 
such a system can then be given as the sum of the quantum yields: 

4>ros = 4>a + 4>su P (109) 

Kinetically, the triplet state is a key intermediary in photosensitizing 
processes. The quantum yield for ROS (Eq. 109) cannot be maximized 
unless triplet decay pathways (k XD ), oxygen quenching that does not lead 
to singlet oxygen (k TQ -k®p, self quenching (kgq), and triplet-triplet 
annihilation (k'l^.) are minimized as potential pathways for removal of 
the triplet-state sensitizer. Based on these kinetic limitations, the ideal 
photosensitizer has three properties: the absorbance of low energy light 
to create the singlet excited state efficiently; preferred conversion of 
the singlet state to the triplet state due to intersystem crossing (Eq. 83); 
and a low occurrence of non-ROS forming triplet removal pathways. 
The nanomaterial class known as fullerenes holds great promise due to 
properties that correspond to each of these desirable traits. 

ROS production by fullerenes 

Carbon-based nanomaterials such as fullerenes have been known to be 
photoactive as photosensitizers from the first studies of their physical 
properties [61]. Fullerenes, and in particular C 6 o, have been studied 
intensively for applications in fields such as photodynamic therapy [62] , 
photovoltaics [63], and materials [64], 

An advantage of using fullerenes, and in particular C 6 o, as photosen- 
sitizers in an engineered system is that they are highly stable. For 
example, the carbon cage making up C 6 o appears to be nearly impervi- 
ous to degradation by oxidation or susceptible to enzymatic attack. 
However, fullerenes may be modified in aqueous environments such as 
in the formation of epoxide derivatives of C 6 o in the presence of UV light 
[65] or on the surface of a metal oxides such as Ti0 2 [66]. 

When fullerenes are illuminated under the appropriate wavelength, 
the electrons are excited from the ground state (°C 6 o) to the singlet 
state (Eq. 80). The singlet state ( 1 C 60 ) can decay in three main manners: 
fluorescence (Eq. 81), internal conversion (Eq. 82), and intersystem 
crossing (ISC) (Eq. 83). The first two result in the ground state while 
the latter leads to the relaxation of singlet C 6 o to the triplet state ( 3 C 60 ). 
Interaction of the singlet state with oxygen can also result in the triplet 
state (Eqs. 86 and 87). Eq. 86 results in the production of singlet oxygen 
via type II photosensitization. The triplet state, 3 C 6 o, has a signifi- 
cantly longer lifetime than 1 C 6 o in solution, allowing it to participate 
in type II formation of singlet oxygen to a greater extent than does the 



